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Road dust from pavement wear and traction sanding
Kaarle Kupiainen
 Department of Biological and Environmental Sciences, 
 University of Helsinki 
Vehicles affect the concentrations of ambient airborne particles through exhaust emissions, but particles are 
also formed in the mechanical processes in the tire-road interface, brakes, and engine. Particles deposited 
on or in the vicinity of the road may be re-entrained, or resuspended, into air through vehicle-induced 
turbulence and shearing stress of the tires. A commonly used term for these particles is ‘road dust’. The 
processes affecting road dust emissions are complex and currently not well known.
Road dust has been acknowledged as a dominant source of PM10 especially during spring in the sub-arctic 
urban areas, e.g. in Scandinavia, Finland, North America and Japan. The high proportion of road dust 
in sub-arctic regions of the world has been linked to the snowy winter conditions that make it necessary 
to use traction control methods. Traction control methods include dispersion of traction sand, melting 
of ice with brine solutions, and equipping the tires with either metal studs (studded winter tires), snow 
chains, or special tire design (friction tires). Several of these methods enhance the formation of mineral 
particles from pavement wear and/or from traction sand that accumulate in the road environment during 
winter. When snow and ice melt and surfaces dry out, traffi c-induced turbulence makes some of the 
particles airborne. 
A general aim of this study was to study processes and factors underlying and affecting the formation 
and emissions of road dust from paved road surfaces. Special emphasis was placed on studying particle 
formation and sources during tire road interaction, especially when different applications of traction 
control, namely traction sanding and/or winter tires were in use. Respirable particles with aerodynamic 
diameter below 10 micrometers (PM10) have been the main concern, but other size ranges and particle 
size distributions were also studied. The following specifi c research questions were addressed: i) How 
do traction sanding and physical properties of the traction sand aggregate affect formation of road dust? 
ii) How do studded tires affect the formation of road dust when compared with friction tires? iii) What 
are the composition and sources of airborne road dust in a road simulator and during a springtime road 
dust episode in Finland? iv) What is the size distribution of abrasion particles from tire-road interaction? 
The studies were conducted both in a road simulator and in fi eld conditions.
The test results from the road simulator showed that traction sanding increased road dust emissions, 
and that the effect became more dominant with increasing sand load. A high percentage of fi ne-grained 
anti-skid aggregate of overall grading increased the PM10 concentrations. Anti-skid aggregate with poor 
resistance to fragmentation resulted in higher PM levels compared with the other aggregates, and the 
effect became more signifi cant with higher aggregate loads. Glaciofl uvial aggregates tended to cause 
higher particle concentrations than crushed rocks with good fragmentation resistance. Comparison of 
tire types showed that studded tires result in higher formation of PM emissions compared with friction 
tires. The same trend between the tires was present in the tests with and without anti-skid aggregate. This 
fi nding applies to test conditions of the road simulator with negligible resuspension. 
Source and composition analysis showed that the particles in the road simulator were mainly minerals and 
originated from both traction sand and pavement aggregates. A clear contribution of particles from anti-skid 
aggregate to ambient PM and dust deposition was also observed in urban conditions. The road simulator 
results showed that the interaction between tires, anti-skid aggregate and road surface is important in 
dust production and the relative contributions of these sources depend on their properties. Traction sand 
grains are fragmented into smaller particles under the tires, but they also wear the pavement aggregate. 
Therefore particles from both aggregates are observed. The mass size distribution of traction sand and 
pavement wear particles was mainly coarse, but fi ne and submicron particles were also present. 
Keywords: Road dust, fugitive dust, mineral particles, resuspension, PM10, paved roads, asphalt aggregate, 
anti-skid aggregate, traction sanding
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1 Introduction
Effects of vehicular traffi c on ambient air quality 
were fi rst acknowledged in the United States in the 
1950s and 1960s when the rapid increase in numbers 
of automobiles had led to high exhaust emission 
levels and observable changes in atmospheric 
chemistry in urban areas (Colvile et al., 2001). The 
phenomenon was known as Los Angeles smog and it 
led to the development of the fi rst emission standards 
on exhaust emissions. Since then similar standards 
have been introduced in many parts of the world and 
they have been developed further to require lower 
emission levels and restrictions on new substances. 
In the 1990s particulate matter became part of the 
standardization agenda as new evidence suggested 
that airborne particle concentrations in cities, 
largely affected by vehicular traffi c, were partly 
responsible for health effects such as cardiovascular 
and respiratory diseases (Pope et al., 1992; Dockery 
et al., 1993). New statistical methods and more 
powerful computers made it possible to identify 
the small signal of the effect of air pollution against 
the background of other causes of health inequality 
and variability (Colvile et al., 2001). Recently, the 
European Union has estimated in the CAFE-program 
(Clean Air for Europe) that airborne fi ne particulate 
matter caused about 350 000 premature deaths and 
over 3.5 million life years lost in the year 2000 in 
the 25 EU member states (European Commission, 
2005). The emission standards have led to the 
development of several technical measures such as 
engine modifi cations and exhaust cleaning systems to 
achieve the emission levels required. The emissions 
from traffi c exhaust have declined, and the decline 
is projected to continue even though traffi c volumes 
increase (European Commission, 2000; Mäkelä et 
al., 2005).
Vehicular traffi c affects the concentrations of 
ambient airborne particles through several pathways. 
The exhaust or tailpipe emissions include particles 
formed in the internal combustion engines as products 
of incomplete combustion (combustion particles) 
as well as wear particles from the operation of the 
engine (non-combustion particles). The particles 
are released to the atmosphere in particulate form 
(primary particles) or the gaseous substances in the 
exhaust can act as precursors which form particles 
as a result of chemical and physical processes in the 
atmosphere (secondary particles). 
Not all particulate emissions from traffi c are 
emitted with the exhausts from the tailpipe. Particles 
are also formed in mechanical processes in the tire-
road interface and in brakes. These particles can 
be entrained into air, where they may remain in 
suspension for up to hours or days depending on their 
size and on meteorological conditions. Particles that 
have deposited on the road or in the vicinity of the 
road may be re-entrained, or resuspended, into the air 
through e.g. vehicle-induced turbulence and shearing 
stress of the tires (Nicholson 1988). Such emissions 
may also include soil particles from natural soils 
or construction works, disintegrated detritus from 
roadside plants, etc. These non-exhaust emissions 
are not affected by emission standards focusing on 
exhaust and combustion particles. However, they 
may have a signifi cant contribution to urban air 
quality. 
Although exhaust emissions are projected to 
decline in the future, the situation is different for 
non-exhaust emissions. Although it is somewhat 
unclear how these emissions should be treated in 
the emission inventories, the projections indicate 
that due to increasing activities in the traffi c sector, 
the non-exhaust emissions may increase (RAINS, 
2006) if no additional mitigation actions are 
taken. Currently there are no ‘clean vehicles’ from 
the road dust point of view. In order to construct 
reliable emission projections and design effective 
abatement methods, a thorough understanding of the 
underlying emission formation processes is needed. 
This is currently not the case with regard to road 
dust particulate emissions, where the processes are 
complex and involve several factors with an effect 
on the emission levels (Härkönen 2002; Luhana et 
al., 2006). The non-exhaust particles have often 
been bulked under a common blanket term ‘road 
dust’, which is also the general topic underlying this 
thesis.
1.1 Road dust and traction control
Road dust has been acknowledged as an important 
source of urban PM10 particles in many parts of the 
world and its contribution can also be signifi cant in 
the PM2.5 size range (Harrison et al., 1995; Chow 
et al., 1996; Harrison et al., 1997; Hosiokangas 
et al., 1999; Pakkanen et al., 2001; Vallius et al., 
2003; Querol et al., 2004; Almeida et al., 2006; 
Wåhlin et al., 2006). In sub-arctic regions of the 
world, e.g. Scandinavia, North America and Japan, 
it dominates urban PM10 especially during spring. 
The high proportion of road dust observed in sub-
arctic regions has been linked to the snowy winter 
conditions that make it necessary to use traction 
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control methods. (Amemiya et al., 1984; Fukuzaki 
et al., 1986; Kantamaneni et al., 1996; Hosiokangas 
et al., 1999; Kukkonen et al., 1999; Wåhlin et al., 
2006). Traction control methods include dispersion of 
traction sand, melting of ice with brine solutions, and 
equipping the tires with either metal studs (studded 
winter tires), snow chains, or special tire design 
(friction tires). Several of these methods enhance the 
formation of mineral particles as wear products from 
the pavement and/or from traction sand. Snow piles 
and ice in the road environment serve as a deposit 
for the wear particles, that are later released and 
resuspended when snow and ice melt and surfaces 
dry out and traffi c-induced turbulence makes them 
airborne. These suspended abrasion particles are 
observed in high concentrations, especially during 
spring in urban areas with high volumes of traffi c 
(Hosiokangas et al., 1999; Pohjola et al., 2002). High 
particle concentrations have been linked to the use 
of studded tires in e.g. Japan and Norway (Amemiya 
et al., 1984; Fukuzaki et al., 1986) and some studies 
have indicated that traction sanding increases particle 
emissions (Kantamaneni et al., 1996; Kuhns et al., 
2003; Gertler et al., 2006). 
1.2 Aims of the study
Both road abrasion due to studded tires and the 
practice of traction sanding have been hypothesized 
to be relevant sources contributing to urban particles, 
but previous studies have not attempted to investigate 
the factors affecting the source specifi c emission 
characteristics in more detail, or to measure their 
actual source contributions in fi eld conditions. There 
are no studies that have examined situations in which 
both traction sanding and studded tires are in use. 
Some earlier studies have indicated that traction 
sanding increases particulate emission levels, but they 
have not attempted to study which material properties 
affect the emissions and which properties are most 
important. Studies on road abrasion by studded tires 
have not measured formation of particles in the 
smaller size ranges, i.e. PM10 or PM2.5. Furthermore, 
previous studies have not estimated the possible 
contribution of traction sanding or road abrasion to 
airborne particles in urban conditions.
A general aim of this study was to study processes 
and factors underlying and affecting the formation 
and emissions of road dust from paved road surfaces. 
Special emphasis was placed on studying particle 
formation and sources during tire-road interaction, 
especially when different applications of traction 
control, namely traction sanding and/or winter tires 
were used. Respirable particles with aerodynamic 
diameter below 10 micrometer (PM10) were the 
main concern, but other size ranges and particle 
size distributions are also discussed. The following 
specifi c research questions are addressed:
i How do traction sanding and physical properties 
of the traction sand aggregate affect the formation 
of road dust?
ii How do studded tires affect the formation of road 
dust compared with friction tires? 
iii What are the composition and sources of airborne 
road dust in a road simulator and during a 
springtime road dust episode in Finland?
iv What is the size distribution of abrasion particles 
from tire-road interaction?
1.3 Defi nitions of road dust
Aerosol and atmospheric science textbooks (e.g. 
Hinds, 1982; Seinfeld & Pandis, 1998) defi ne dust 
as suspensions of solid particles that are produced by 
mechanical disintegration of material by processes 
such as crushing, grinding and blasting. The mass 
size of dust particles is defi ned as mainly larger 
than one micrometer. A clear upper limit of airborne 
particles is hard to defi ne, because for example in 
certain meteorological conditions even big sand 
grains may be suspended and carried over vast 
distances (e.g. Blank et al., 1985; Betzer et al., 
1988; Prospero, 1999). Among others Chang et al. 
(2005) have defi ned dust as material below 297 μm. 
Although larger particles may be present, a frequently 
assigned upper cut-off for suspended particulates or 
total suspended particulates (TSP) in air samplers is 
30 μm (US EPA, 2003).
A concept that is often used in the context of non-
exhaust particulate emissions especially in the United 
States is ‘fugitive dust’ (e.g. US EPA, 2003). The 
term fugitive refers to the nature of the emission, 
which is not being discharged to the atmosphere in 
a confi ned fl ow stream. Thus it also includes other 
source sectors than traffi c non-exhaust particles. The 
US EPA (2003) AP-42 model currently calculates 
PM emission factors from paved roads based on 
measurements of ‘silt loading’. Here ‘silt’ refers to 
the mass of material below 75 μm per unit area of 
the travelled surface (e.g. US EPA, 2003; Chang et 
al., 2005). 
Road dust, a common term, which is also used 
in this work, can be defi ned as a suspension of solid 
particles produced by mechanical disintegration of 
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materials of the vehicle, pavement, or materials on 
the pavement. Road dust also includes re-entrainment 
of materials produced earlier and that have deposited 
on the road or in its vicinity. Following the defi nition 
of dust, most of its mass is found in particles larger 
than one micrometer in diameter. However, recent 
studies have indicated that submicron and even 
ultrafi ne (below 100 nm) particles may also be 
produced in non-exhaust processes such as brake 
and tire wear (Garg et al., 2000; Gustafsson et al., 
2005; Dahl et al., 2006).
2 Characteristics of road dust 
emission sources
In this section the main formation processes and 
sources of road dust particles are discussed in more 
detail. Figure 1 presents an overview of the processes 
(fl ows) and deposits of road dust particles as a system 
diagram. It also summarizes factors affecting the 
processes and fl ows. 
Direct emissions are emitted to the air immediately 
after formation. These include exhaust emissions as 
well as wear products from tires, brakes and the 
road pavement. Dust that has earlier accumulated 
or deposited onto the pavement and that returns to the 
air due to vehicle-induced turbulence and tire shear 
or atmospheric turbulence, is said to be resuspended. 
Total emissions of road dust can be considered as 
the sum of emissions from direct and resuspension 
sources. 
Fig. 1. Material fl ows of road dust particles, with the main factors affecting the source strengths (partially 
based on Gustafsson, 2003)
11Road dust from pavement wear and traction sanding
Current emission models usually specify emission 
factors as mass of PMx per vehicle kilometre travelled 
(vkm) that is multiplied by the amount of traffi c 
(e.g., Tønnesen, 2000; Omstedt et al., 2005). An 
emission factor is a representative value that relates 
the quantity of a pollutant released with the activity 
that causes the release (Countess et al., 2001). 
Emission factors are primarily intended for longer 
averaging times and thus may not adequately refl ect 
short term or local emission behaviour of road dust 
emissions (Countess et al., 2001). For example the 
use of average emission factors of brake wear in areas 
where limited braking is needed can give incorrect 
results (Boulter, 2005). 
Omstedt et al. (2005) calculated the total emission
of particles (               ) from a road based on:
 (Eq. 1)
In Eq. 1 F is amount of traffi c (vkm) and EFtotal is the 
total emission factor that combines all particle sources 
from traffi c. The total emission factor can be further 
divided into the direct and indirect (resuspension) 
components (Omstedt et al., 2005):
 (Eq. 2)
The direct sources can also be treated individually 
(Omstedt et al., 2005):
 (Eq. 3)
Each of the source-specifi c emission factors can be 
modelled to take into account underlying factors that 
determine their magnitude. Omstedt et al. (2005) 
developed a model to calculate traffi c emissions along 
Swedish roads. The model includes a calculation 
procedure for the indirect emission factor which 
takes into account several meteorological factors and 
seasonal differences affecting the emission strengths, 
including use of traction sanding and studded tires. 
The Norwegian VLUFT4.4-model (e.g. Tønnesen, 
2000; Gustafsson, 2003) takes into account e.g. 
driving speed, fraction of heavy duty vehicles and 
fraction of studded tires as well as effects of street 
cleaning measures and road surface wetness. The 
US EPA AP-42 (2003) model uses the silt loading 
for determining road specifi c emission factors. It has 
parameters which take into account lower emission 
strength due to precipitation as well as increased 
emissions during winter and roads where traction 
sanding is used. The approach has been criticized 
for not providing adequate estimates of PM10 
emissions because it lacks a mechanistic basis and 
it depends on silt loading which cannot be measured 
unambiguously (Venkatram, 2000).
In an optimal situation the understanding of 
emissions and emission factors is based on physical 
models. In the case of road dust the emission 
processes are complex and the factors affecting them 
are currently not well known (e.g., Härkönen 2002; 
Luhana et al., 2006). Sections 2.1 and 2.2 discuss the 
processes and factors affecting the direct emission 
sources and Section 2.3 discusses resuspension. 
Wear rates and emission factors available from the 
literature are also discussed. 
2.1 Paved road surface wear and studded 
tires
Asphalt pavement is composed in general of 95 
percent rock aggregate and fi ve percent fi ller and 
binding material, e.g. bitumen, fl y ash, or calcium 
carbonate (Lindgren, 1998; Luhana et al., 2004). 
Concrete-based pavements have coarse aggregates 
that are bound together into a fi rm construction 
with cement and sand (Luhana et al., 2004). The 
frictional energy developed at the interface between 
the tire tread and the pavement aggregate particles 
results in wear products from both the pavement 
and the tire (Ntziachristos, 2003). Road wear rates 
depend on several factors, including tire and vehicle 
characteristics, road geometry and surface properties, 
driving behaviour and driving speed (Unhola, 2004). 
Loose material on the road surface, e.g. traction sand 
may also enhance the abrasive wear of the pavement 
and of the material itself (Kanzaki & Fukuda, 1993; 
Lindgren, 1998). 
According to Zubeck et al. (2005) studded 
tires were fi rst introduced in the 1960s to provide 
enhanced vehicle traction under winter driving 
conditions in cold regions with snowy and icy 
roads. Throughout the 1970s, stud usage increased 
and their enhancing effect on pavement wear was 
acknowledged (Zubeck et al. 2005). The enhanced 
wearing effect of studded tires is caused by stud 
impact and abrasion caused by scratching when 
the stud leaves the surface (Lampinen, 1993). As 
described by Zubeck et al. (2004), the energy of the 
impact of a stud is dependent on the studs mass and its 
vertical speed. The abrasion is additionally affected 
by the stud’s impact force, which is dependent on the 
stud protrusion and structure. A wet surface may also 
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increase the pavement wear at least by a factor of two 
compared to dry surfaces (Folkeson, 1992; Kanzaki 
& Fukuda, 1993). Tire properties such as its profi le 
and pressure as well as vehicle mass and vehicle 
speed also affect wear rates (Unhola, 2004).
By designing studs with less weight and protrusion 
(light weight studs), as well as by using abrasion 
resistant aggregates and asphalt mixes in pavements 
(Zubeck et al., 2005), the wear rates have decreased 
from about 100 g vkm-1 in the 1960s and 70s down 
to about 9 to 11 g vkm-1 today (Lindgren, 1998; 
Mäkelä, 2000). Currently the use rate of studded 
tires is around 80 percent in Finland during the 
period when they are allowed (November to April). 
In Sweden the fraction of studded tires during the 
winter season varies between 40 percent in the south 
and 90 percent in the north of the country (Omstedt 
et al., 2005). 
The high wear rates, as well as the dust and noise 
problems linked with studded tires have promoted the 
design of winter tires which use a tread composed 
of special rubber mixture and tread design with 
enhanced traction properties (friction tires) instead of 
studs (Scheibe, 2002; Angerinos et al., 1999). Recent 
overrun tests conducted by Unhola (2004b) indicated 
that at 80 km h-1 the pavement wear rate for a friction 
tire was two percent of the wear rate of a studded 
tire equipped with light weight studs. However, 
so far friction tires have not been able to equal the 
enhanced traction provided by studded tires in icy 
conditions (Alppivuori et al., 1995; Nordström 2003; 
Zubeck et al., 2004). Elvik (1999) conducted a meta-
analysis that compiled results from several studies 
of the effects of studded tires on accident rates. He 
estimated that studded tires confer a safety benefi t 
during wintertime and reduce winter accidents by 
one to ten percent.
Luhana et al. (2006) studied particulate emissions 
in a tunnel in the United Kingdom and estimated 
the road surface wear PM10 emission factors of 
summer tires at 3.1 mg vkm-1 for light duty vehicles 
and 29 mg vkm-1 for heavy duty vehicles. The fl eet 
average was 5.9 mg vkm-1. However, it is hard to 
say how representative these numbers are for other 
locations. 
There are no similar measurements available for 
studded or friction tires. A very uncertain order of 
magnitude estimation of the amount of road wear 
particles in the airborne size range can be made based 
on wear studies. For wear products in the potentially 
airborne size range Mäkelä (2000) used a 5 to 20 
percent share which resulted in a formation factor of 
450 to 2200 mg vkm-1 of TSP in combination with the 
latest wear estimations for studded tires. If 30 percent 
of abrasion particles are below 10 micrometers, we 
arrive at a range of 135 to 660 mg vkm-1. Assuming 
that road surface abrasion with friction tires is only 
two percent of the abrasion rate of studded tires 
(Unhola, 2004b) and that the ratio is the same in the 
PM10 size range the corresponding range would be 
about 3 to 13 mg vkm-1. However, it must be noted 
that all of these parameters are very uncertain. The 
studded to friction tire ratio most probably varies 
with tire and pavement properties. The overrun test 
method used by Unhola (2004b) was not designed for 
estimating emissions of airborne particles in urban 
conditions. Therefore the values should be treated 
only as indications of possible orders of magnitude. 
For reliable emission factors and comparison of tires, 
further studies should be conducted.
2.2 Tire and brake wear
In addition to road surface, other sources of road 
dust include wear products from tires, brakes, chassis 
or engine. Especially wear particles from tires and 
brakes have been studied and they are also briefl y 
discussed here. For comprehensive literature reviews 
and discussions of results for example studies by 
Ntziachristos (2003), Luhana et al. (2004) and 
Boulter (2005) are available. The wear rates of tires 
and brakes depend on several factors including 
tire, road surface and vehicle properties as well as 
driving behaviour and speed. Emissions from brakes 
are the highest in road sections such as crossings 
and slopes, where braking is needed. Similarly, tire 
wear is enhanced during acceleration, braking and 
cornering. 
Tire wear is a complex process driven by 
interaction between the tread and the pavement 
aggregate particles (Ntziachristos, 2003). It results 
in wear products from both the pavement and tire 
and the particles produced from these sources are 
thus inextricably linked (Ntziachristos, 2003). The 
wear products from tires are mostly rubber, carbon 
black and other organic constituents but include 
some metals (Lindgren, 1998). Ntziachristos 
(2003) reviewed several studies of tire wear rates. 
The more recent studies from the 1990s onwards 
show a range between 36 and 200 mg vkm-1. For 
‘normal’ driving a total wear factor of about 100 
mg vkm-1 probably represents the correct order of 
magnitude (Boulter, 2005). However, this amount 
is not completely emitted as airborne PM. Pierson 
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& Brachaczek (1974) estimated that approximately 
20 percent of the airborne tire dust was below 10 
μm in diameter and around 10 percent was below 
2 μm. After reviewing studies on tire wear and 
particle emissions Ntziachristos (2003) proposes an 
emission factor range of 6.7 to 16.2 mg vkm-1 for 
TSP emissions from passenger cars at 80 km h-1. 
The emission factor for larger vehicles is somewhat 
higher and for motorbikes lower. He estimated that 
60 percent of TSP would be emitted as PM10, which 
in turn gives a range of 4 to 10 mg vkm-1. Mechanical 
wear of tires is a source of coarse particles that are 
responsible for most of the mass emissions. However, 
there are studies suggesting that small particles 
around 100 nm are also emitted from tires (Cadle & 
Williams, 1978; Gustafsson et al., 2005; Dahl et al., 
2006). These ultrafi ne particles are produced from 
the volatilized tire polymer and extender oils that are 
subsequently condensed into small particles. 
There are two basic confi gurations of braking 
systems in vehicles (Ntziachristos, 2003). Disc 
brakes are more popular in passenger cars and have 
fl at pads that are forced against a rotating metal disc. 
Heavy duty vehicles used to have drum brakes, where 
curved pads are forced against the inner surface 
of a rotating cylinder. However, in modern heavy 
duty vehicles disc brakes are also the standard. The 
brake linings that are subject to wear are composed 
of several metallic, inorganic and organic materials. 
The composition is dependent on the manufacturer 
and lining type but metals that have been linked with 
brake wear are iron and copper that can be present 
in signifi cant amounts, as well as calcium, sodium 
and zinc (Luhana et al., 2004). Ntziachristos (2003) 
reviewed studies on average wear rates of brakes 
which ranged from 9 to 20 mg vkm-1 for passenger 
cars, 17 to 29 mg vkm-1 for vans, and 47 to 84 mg 
vkm-1 for heavy duty vehicles. Again only a part is 
emitted as airborne particles. Based on Ntziachristos 
(2003) the airborne fraction (TSP) would account 
for approximately half of the wear rates. Garg et 
al. (2000) estimated the particulate emission rate 
for brake wear from light duty vehicles as 2.9 to 
7.5 mg vkm-1 for PM10 and 2.2 to 5.5 mg vkm
-1 for 
PM2.5. Luhana et al. (2004) estimated a combined 
PM10 emission factor for tire and brake wear in a 
tunnel in the United Kingdom at 6.9 mg vkm-1 for 
light duty vehicles and 49.7 mg vkm-1 for heavy duty 
vehicles. Abu-Allaban et al. (2003) assessed brake 
wear emission factors of PM10 and PM2.5 for both 
light and heavy duty vehicles in a roadside study 
in the United States. The average PM10 emission 
factors were 12 mg vkm-1 and 124 mg vkm-1 for 
light and heavy duty vehicles, respectively. The 
corresponding PM2.5 emission factors were 1 and 
2 mg vkm-1. However, compared with the wear 
estimates reported in Ntziachristos (2003) as well 
as in other studies reporting emission factors these 
values are rather high. The averages presented by 
Abu-Allaban et al. (2003) may not be representative 
for a typical driving cycle.
2.3 Resuspension
Particles that have been formed earlier and that have 
deposited to the road surface can become suspended 
later on due to tire stress, vehicular turbulence, as 
well as through other processes, such as wind and 
pedestrian activity (Nicholson, 1988). These particles 
are often referred to as resuspended particles. 
Entrainment of particles into suspension is a complex 
process and depends on a number of environmental 
and meteorological factors. Large particles with 
diameters about 500 to 1000 μm roll along the 
ground (surface creep) or move with small bounces 
(saltate), whereas smaller particles below 100 μm 
can become suspended (Sehmel, 1973; Nicholson, 
1988). Particles with settling velocities smaller than 
vertical velocities in the turbulent boundary layer 
can remain in airborne suspension for long periods. 
According to Nicholson (1988) a common size limit 
for such particles could be 20 μm.
A critical condition for particle entrainment is 
when the lift force exerted on particles by the airfl ow 
exceeds the adhesion force between particles and the 
attached surface (Sehmel, 1973; Chiou & Tsai, 2001). 
This so-called threshold stress is a function of particle 
properties and surface properties (Sehmel, 1973). 
Particles may become less readily suspended with 
time, as smaller particles form larger agglomerates, 
become attached to the surface or wash deeper into 
the surface structure of the road (Sehmel, 1973; Vaze 
& Chiew, 2001). 
In a wind tunnel experiment Chiou & Tsai (2001) 
observed a threshold wind speed for PM10 road 
dust entrainment of 9 to 12 m s-1. Hosiokangas et 
al. (2004) observed in urban springtime conditions 
that with average wind speed over 5 m s-1 the PM10 
concentrations started to increase because the wind 
itself had suffi cient velocity to lift the particles from 
road surfaces and the ground. They also reported that 
PM10 concentrations increased with wind speeds below 
4 m s-1. In light winds the traffi c-induced turbulence 
lifts the particles into the air and the concentrations 
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remain high because of poor mixing of air masses 
due to low wind speeds, low atmospheric mixing 
height, and possibly inversion (Hosiokangas et al., 
2004; Kukkonen et al., 2005a & 2005b). A similar 
observation was made by Johansson et al. (2004) in 
a street environment in Stockholm, Sweden. In their 
study the PM concentrations were highest with wind 
speeds between 1 and 3 m s-1, decreased steadily to 
9 m s-1, and increased again to 11 m s-1. 
2.3.1 Vehicle induced resuspension
The aerodynamic drag of a moving vehicle causes 
a turbulent wake with fl ow patterns that exceed the 
adhesion forces of particles and cause resuspension 
(Sehmel, 1973; Karim et al., 1998; Moosmüller et 
al., 1998). Furthermore the tires resuspend particles 
due to turbulence generated as the air squeezes from 
beneath the rolling tire as well as through the shearing 
action generated by the rotation of the tire (Sehmel, 
1973; Nicholson & Branson, 1990).
Driving speed and aerodynamic properties of 
the vehicle affect its turbulence and resuspension 
of the deposited material from surfaces (Sehmel, 
1973; Nicholson & Branson 1990; Karim et al., 
1998; Moosmüller et al., 1998). The passing vehicles 
generate brief bursts of increased wind velocities that 
result in dust entrainment (Moosmüller et al., 1998). 
These bursts may have such high velocities that 
dust is also resuspended from outside the travelled 
portion of the traffi c lane, for example from unpaved 
shoulders or curbsides (Moosmüller et al., 1998). 
Karim et al. (1998) linked the magnitude of vehicle-
induced turbulence with the cross-sectional area of 
the vehicle. Etyemezian et al. (2003) and Gillies et al. 
(2005) observed an increase in road dust emissions 
with increasing vehicle weight. Moosmüller et al. 
(1998) showed that large vehicles such as trucks 
or buses resulted in high peaks in wind velocities 
and increased dust entrainment even from outside 
the driving lane. According to measurements by 
Abu-Allaban et al. (2003), heavy duty vehicles 
contributed eight times more resuspended road 
dust than light duty vehicles. In a study by Sehmel 
(1973), the resuspension rate caused by a truck was 
an order of magnitude greater than for a car passage. 
However, Moosmüller et al. (1998) observed that 
the aerodynamic properties of the vehicle do not 
totally depend on its size or dimensions. For example 
a car towing a trailer had a size similar to a van 
but poorer aerodynamics, resulting in a larger area 
from which resuspension may occur (Moosmüller 
et al., 1998). The speed dependence of road dust 
emission has been measured e.g. by Etyemezian et 
al. (2003) and Gillies et al. (2005), who observed a 
linear increase of emissions with vehicle speed on 
an unpaved road. However, Sehmel (1973) reported 
that the resupension rate of <25 μm tracer particles 
increased with the square of car speed. 
Nicholson & Branson (1990) observed that even a 
single passage of a vehicle can remove a large share 
of deposited material from the driving lane, and it is 
possible to hypothesize that all resuspendable material 
becomes airborne already after a few vehicle passes 
and that the particles remain in suspension if the 
vehicle fl ow remains constant (Gehrig et al., 2004). 
In this case the resuspension emissions would not be 
proportional to traffi c volume (Gehrig et al., 2004). 
However, as discussed by Boulter (2005) this requires 
a very effi cient resuspension process that ‘cleans’ the 
surface effi ciently from a large area. If the process is 
less effi cient, traffi c volume has an infl uence but it is 
possible that emissions do not scale with it directly 
(Boulter, 2005). Different road environments with 
different pavement and traffi c characteristics are 
probably also different in this respect. Gehrig et 
al. (2004) stated that in surroundings where winds 
transport the suspended particles away before they 
accumulate onto the surface, resuspension is of minor 
importance but in street canyons and conditions 
with low winds sedimentation and resuspension of 
particles is possible. However, Etyemetzian et al. 
(2003) propsed that dust and debris from curbside, 
center dividers or road shoulders that are sucked back 
to the travelled lane by large vehicles or vehicles that 
travel outside the lane may replenish the surface at 
the same rate as removal occurs. Kuhns et al. (2003) 
showed that high speed roads, such as interstate roads 
in the United States, have lower emission potentials 
than low speed residential roads. This indicates a 
more effi cient removal of material on high speed 
roads due to vehicle-induced turbulence but it is also 
possible that the high speed roads are situated in 
surroundings with better ventilation. 
2.3.2 Sources of resuspendable material
Surface properties and amount of loose material 
are other important factors affecting resuspension. 
Resuspension is high from surfaces that have much 
loose material of suitable size to be entrained into the 
air. Good examples of such situations are unpaved 
roads, which have several orders of magnitude 
higher emissions than paved roads (e.g. Claiborn et 
al., 1995; Venkatram et al., 1999). In modern cities 
unpaved roads have become scarce, but resuspension 
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of particles from paved streets also affects urban air 
quality (e.g. Harrison et al., 1995; Chow et al., 1996; 
Pakkanen et al., 2001). In paved road environments 
sources of resuspendable material are to a large 
extent wear products from tires, brakes and road 
surface. In sub-arctic regions of the world, enhanced 
road dust resuspension has been linked to the use of 
traction control methods (e.g., Fukuzaki et al., 1986; 
Kukkonen et al., 1999; Hosiokangas et al., 1999). 
Traction control with traction sanding and studded 
tires enhances PM formation during the winter and 
the products accumulate in snow and ice in the road 
environment. In spring when snow and ice melt and 
road surfaces dry out, the PM is again released to 
the air. Resuspendable material can also be delivered 
from outside the street environment, for example 
from nearby construction works. 
Pavement properties may affect the resuspension 
levels but this factor has been studied very little. 
Sehmel (1973) reported that particles of a given size 
and density resuspend more easily from a smooth 
surface than from an irregular one. For example 
high porosity of the pavement may infl uence the 
amount of loose material available for resuspension 
by providing deposits of resuspendable PM. Düring 
et al. (2003) studied the effect of pavement condition 
on road dust emission levels and did not observe 
a clear relationship. However, they noted that the 
highest levels tended to be on the streets with poorest 
condition and that their study sites did not include 
streets in very bad condition. The effect of pavement 
properties on road dust emissions is clearly a subject 
for further research.
Surface moisture also affects resuspension. 
It has been observed that road dust emissions are 
low during periods with wet surfaces (Kuhns et al., 
2003). The dust suppressing effect depends on the 
moisture content of the pavement. This is because 
the presence of moisture increases adhesion, due to 
surface tension effects, and also because material is 
resuspended in relatively large droplets (Nicholson 
& Branson, 1990). In road conditions the PM is 
collected into larger droplets that are lifted into the air 
by tire shear and vehicle turbulence. These droplets 
are too large to stay long in the air and are deposited 
near the road and onto vehicles. A similar pathway 
could also be important during wet winter conditions. 
An important difference is that the fi ner PM collected 
in droplets and sludge accumulates in snow piles by 
the roadside. During rainy and melting periods the 
dust deposit may decrease as part of the particles 
fl ow out of the system with runoff waters. Some 
studies indicate that intensive rain events can reduce 
the surface loadings of roads signifi cantly (Bris et al., 
1999; Vaze & Chiew, 2002). However, this process 
may work the other way as well if the rain and 
melting waters relocate loose material from outside 
onto the street surface and its surroundings. 
When the surfaces dry out, the smaller PM is 
released and may be resuspended. This process 
can give rise to high concentrations during melting 
periods in sub-arctic cities during spring. Nicholson 
& Branson (1990) suggested that resuspension is 
greatest immediately after the road becomes dry 
when the dust accumulated and translocated onto 
the road surface during the wet period is lifted. The 
time needed for the road surface to become dry may 
vary signifi cantly and is affected for example by the 
amount of traffi c, solar radiation intensity, relative 
humidity, temperature, and pavement properties. 
Kuhns et al. (2003) observed in Idaho, United States 
that after rainfall events (below 5 mm) a paved road 
remained visibly wet for six hours whereas emissions 
from an unpaved road were reduced for up to one 
week. 
2.4 Emission factors measured in road 
conditions
Several roadside studies have focused on determining 
on-road emission factors of road dust. In road 
conditions it is hard to distinguish between the direct 
wear emissions and resuspension and therefore the 
emission factors determined in these studies usually 
include contributions from both sources. Most of 
the studies reviewed here have used roadside 
measurements for determining emission factors 
for road dust in dry conditions. Recently mobile 
vehicles or trailers with road dust measurement 
systems have also been introduced (Fitz & Bufalino 
2002; Etyemezian et al., 2003; Pirjola et al., 2004; 
Kupiainen et al., 2005).
The emission factors determined with roadside 
measurements are in general clearly higher than 
the sum of direct wear sources, indicating that 
resuspension is an important component of road dust 
emissions, in many cases probably the major source. 
The range of estimated emission factors reported in 
the literature is wide. Studies carried out in Spokane, 
WA, United States in the early 1990s report PM10 
emission factors of about 1000 mg vkm-1 or higher 
for paved roads with traffi c, probably also including 
some heavy duty vehicles (Claiborn et al., 1995; 
Kantamaneni et al., 1996). More recent US studies 
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do not indicate such high emission levels (Venkatram 
et al., 1999; Fitz & Bufalino 2002; Abu-Allaban et 
al., 2003; Gertler et al., 2006). The range is still wide, 
stretching from 64 up to 800 mg vkm-1 for paved road 
PM10 from light duty traffi c. However, the majority 
of the values tend to concentrate around 100 to 220 
mg vkm-1. For heavy duty vehicles Abu-Allaban et 
al. (2003) estimated the average PM10 emission factor 
to be 2247 mg vkm-1. This was ten times more than 
they estimated for light duty traffi c.
Recently European measurements have also 
become available. Lohmeyer et al. (2004) and Gehrig 
et al. (2004) gave similar ranges of emission factors 
for Central European traffi c situations. For light 
duty vehicles, paved road PM10 emission factors 
vary between about 20 and 90 mg vkm-1 and for 
heavy duty between 70 and 800 mg vkm-1. The higher 
ranges are reported to represent disturbed traffi c fl ow. 
Luhana et al. (2006) estimated the non-exhaust PM10 
emission factor in Hatfi eld tunnel, UK to be 26.6 
mg vkm-1. The individual sources, resuspension, 
road surface wear, tire wear and brake wear had 
approximately equal emission strengths.
Not many studies take into account the 
characteristics of sub-arctic regions. Härkönen 
(2002) estimated the summertime non-exhaust 
emission factor of PM2.5 particles beside a paved 
two lane road in Finland and arrived at 100 mg 
vkm-1. Omstedt et al. (2006) used NOx as a tracer 
to study vehicle-induced non-tailpipe emission 
factors in Sweden. They observed a strong seasonal 
variation with highest emissions during winter and 
spring (November until end of April) and lowest 
during summer. For summertime the emission 
factors were on average 200 and 30 mg vkm-1 for 
PM10 and PM2.5, respectively. For the winter period 
(October to April) the emission factors were fi ve- 
to sixfold, 1200 and 150 mg vkm-1 for PM10 and 
PM2.5, respectively. Gertler et al. (2006) measured 
emission factors of LDV dominated traffi c in Lake 
Tahoe, United States, and arrived at 229 mg vkm-1 
and 76 mg vkm-1 respectively for PM10 and PM2.5 in 
the baseline case. Traction sanding applied during a 
snow storm and the use of brine solution as de-icer 
increased the emission factors.
Table 1 compiles the emission factors for PM10 
discussed in the text in Sections 2.1 to 2.5. Based 
on the studies the emission factors from brake, tire 
and road surface wear have approximately equal 
strengths, assuming that the higher average values 
for brake wear reported by Abu-Allaban et al. (2003) 
are not representative for typical driving cycles. As 
discussed in Section 2.1 and also shown by the results 
of this study (Section 4.1.2), there is evidence that 
the road surface wear emission factor is higher with 
studded tires. However, no representative emission 
factors are currently available. 
There is wide variation in emission factors 
measured for resuspension and all non-exhaust 
sources together. The emissions from direct sources 
appear not to explain the high emission factors 
measured for all non-exhaust sources in many of 
the studies, which suggests that resuspension is an 
important component. However, Luhana et al. (2004) 
estimated in a tunnel study that the contribution from 
resuspension was very small. It is generally expected 
that the variation in emission factors that include 
resuspension is large. As discussed in Section 2.3 
there are several factors that affect the emission 
strengths from resuspension, and ‘hot spot’ street 
environments with very high emission strengths may 
occur (see also Boulter, 2005). However, more recent 
studies appear not to support such high emission 
factors as reported earlier by e.g. Claiborn et al. 
(1995) and Kantamaneni et al. (1996). 
There are a limited number of measurement 
studies available reporting non-exhaust emission 
factors of airborne particles. Basically for all sources 
there is wide variation in results between the studies. 
This is partly because the emission strengths vary 
but may also be due to methodological differences. 
There are currently no harmonized or standardized 
methods for measurement of non-exhaust particulate 
emissions and it is unclear how the results obtained 
with different methodologies relate to each other. 
As a result the uncertainties in emission factors 
are considered to be high. Ntziachristos (2003) 
recommended an uncertainty in the order of ±50 
percent as a rule of thumb for all non-exhaust 
sources.
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2.5 Traction sanding as a source of road 
dust
Traction sanding has both direct and resuspension 
emission characteristics. Traction sand can act as 
a source of resuspendable material if it contains 
signifi cant amounts of fi ne material (for example 
grain sizes below 63 micrometers). Dust is also 
formed as the sand grains are crushed under tires 
into smaller pieces, some of which are small enough 
to become airborne (Vaze & Chiew, 2002; Chang et 
al., 2005). The interaction between the tire, sand, and 
pavement materials may wear the pavement surface 
and result in dust formation from all three sources. 
Effects of this interaction on airborne particles are 
studied in this thesis and the results are shown and 
discussed in Section 4. 
Kantamaneni et al. (1996) studied the effect of 
traction sanding on the PM10 emission factor from 
paved roads in Spokane, WA, United States and 
found that sanding increased the average emission 
factors by 40 percent. The emission factor for sanded 
road was on average 1450 mg vkm-1. They do not 
discuss the use of studded tires. Kuhns et al. (2003) 
also studied the effect of traction sanding on emission 
levels in Boise, Idaho, United States. They found 
that 2.5 hours after dispersion of traction sand, the 
emission levels had increased on average by 54 
percent compared with the pre-sanding level. After 
8 hours, or 2000 to 2500 vehicle passes, all studied 
sections had returned to approximately pre-sanding 
levels. They concluded that sanding increased the 
PM10 road dust emission but that the direct impact 
was rather short lived as sand was swept aside to the 
untravelled portions of the road by passing vehicles. 
Gertler et al. (2006) measured emission factors after 
a snow storm event when traction sand (mix of 
hard sand and cinders) was applied. The estimated 
emission factors for LDV dominated traffi c were 612 
and 112 mg vkm-1 during the fi rst day and 660 and 
133 mg vkm-1 during the second day for PM10 and 
PM2.5, respectively. Traction sanding approximately 
doubled the emission level when compared with the 
baseline case, and the emissions remained elevated 
on the next day. Interestingly, they reported that the 
use of brine solution as a de-icer also increased the 
emission factor by about 30 percent. An increase in 
PM emission levels in a tunnel due to application of 
salt de-icer was also observed by Lough et al. (2005). 
The studies by Kantamaneni et al. (1996), Kuhns 
et al. (2003), and Gertler et al. (2006) concentrated 
more on the short term effect of traction sanding and 
they did not discuss the possible contribution of the 
deposited material to resuspension later on.
2.6 Road dust in urban air of sub-arctic 
regions
Mineral matter has been found to be an important 
component of urban PM10 particles in several studies 
around the world and its contribution can also be seen 
in the PM2.5 size range (Harrison et al., 1995; Chow 
et al., 1996; Hosiokangas et al., 1999; Pakkanen et 
al., 2001; Vallius et al., 2003; Almeida et al., 2006; 
Wåhlin et al., 2006). A major source of mineral 
particles is estimated to be road dust, which has 
been acknowledged as a dominant source of PM10 
especially during spring in sub-arctic urban areas in 
Scandinavia, North America and Japan (Amemiya 
et al., 1984; Fukuzaki et al., 1986; Kantamaneni et 
al., 1996; Hosiokangas et al., 1999; Kukkonen et 
al., 1999; Wåhlin et al., 2006). Fig. 2 represents the 
source contribution of PM10 particles in Kuopio, 
Finland, in 1994 as estimated by Hosiokangas et 
al. (1999). Soil and street dust is the major source 
during the high concentrations in the spring period 
(March-April).
Etyemezian et al. (2003b) estimated the reservoirs 
and depletion rates of road dust on a paved road 
in dry conditions in the United States and found 
that the residence time of PM10 varied between a 
few hours and one day and thus the PM10 reservoir 
is turned over once or several times during a day. 
This means that there are sources that replenish the 
surface at the same rate as the emissions or removal 
occur (Etyemezian et al., 2003b). In addition to 
the normal abrasive formation mechanisms, such 
sources include dust and debris from curbside, center 
dividers or road shoulders that is sucked back to 
the travel lane due to turbulence by larger vehicles 
or vehicles that accidentally travel outside the lane 
(Etyemezian et al., 2003b). Without new sources, 
an equilibrium between the deposition and removal 
processes exists (US EPA, 2003). This equilibrium 
may be upset by applying measures of traction 
control (US EPA, 2003). Weather conditions also 
affect the transport and mixing of pollutants and thus 
affect the equilibrium. In other words the system is 
very dynamic, with several formation, removal, and 
transport fl ows operating at the same time. 
Applying this theory to sub-arctic conditions, a 
seasonal cycle can be seen in the equilibrium. During 
summer and early autumn formation and transport 
of suspendable material into the system are low. 
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Furthermore, transport away from the system is high 
due to runoff after rainfall events. Thus the road dust 
concentrations remain rather low. During late autumn 
snow can melt several times before a permanent snow 
cover is formed (Pohjola et al., 2002) and thus the 
summertime equilibrium may be upset especially 
after the studded tires or traction sanding are taken 
into use and if the surfaces dry out.
In sub-arctic areas, during early winter the road 
dust concentrations remain low although there is 
increased formation and input of material into the 
road environment due to the use of studded tires 
and traction sanding. However, the dust does not 
become airborne, especially if the surfaces are moist, 
but rather deposits into the snow and ice of the road 
environment. The winter equilibrium can be upset if 
there is a need to add traction sand and the conditions 
are dry. If dry periods follow the melting periods that 
release some of the deposited material onto the road 
surface, enhanced resuspension may lead to high 
road dust concentrations. Weather conditions, for 
example atmospheric inversions affect the transport 
and mixing of pollutants.
During spring (March to April) when snow 
and ice melt the emission rates of road dust are 
high due to release and resuspension of particles 
formed during winter from traction sanding and 
road surface wear. A fraction of the material travels 
away from the system with runoff and melting 
waters. However, the dust loadings are so high that 
much of it relocates to the street environment and 
resuspends under the infl uence of traffi c turbulence 
and wind when surfaces dry out. If low wind speeds 
(below 5 m s-1), stable atmospheric conditions and 
ground-based or low-height inversions prevail, high 
particle concentrations with hourly averages up to 
several hundred micrograms per cubic meter can be 
observed (Pohjola et al., 2000 & 2002; Kukkonen 
et al., 2005a & 2005b). Traffi c-induced turbulence 
lifts the particles into the air, which is poorly mixed 
due to the meteorological conditions. Such road 
dust episodes are often associated with anticyclonic 
high pressure systems (Pohjola et al., 2000 & 2002; 
Kukkonen et al., 2005a & 2005b).
2.6.1 Effects of road dust 
High road dust concentrations are usually a problem 
of urban areas and the effects of the dust on people 
exposed to it are a major source of concern. Exposure 
studies to mineral and resuspension particles in urban 
air have shown evidence of toxicity and a possibility 
of adverse health effects (Tiittanen et al., 1999; 
Klockars, 2000; Salonen et al., 2000). Koistinen et 
al. (2004) studied the personal exposure of Helsinki 
citizens to fi ne particles (PM2.5) in outdoor, indoor, 
and workplace microenvironments. They found that 
particles attributable to resuspended soil contributed 
27 percent of personal exposure, being approximately 
the same in all the microenvironments. Salonen et 
al. (2004) found that resuspension particles caused 
proinfl ammatory activity in cells due to their 
endotoxin concentrations and they hypothesized that 
this might be the reason for irritative symptoms in 
the respiratory system frequently reported by both 
asthmatic and healthy people during resuspension 
episodes. Miguel et al. (1999) studied the allergens 
in paved road dust and concluded that it contained 
Figure 2. Daily source 
contributions to PM10 in 
Kuopio, Finland. Figure 
from Hosiokangas et al. 
(1999).
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biological materials capable of causing allergenic 
disease in humans. They pointed out as possible 
symptoms a runny nose, watery eyes, and sneezing 
for larger sized particles, as well as swelling of lung 
tissue and asthma for fi ne particles. 
Apart from the discomfort and infl ammatory 
responses caused by dust, respirable mineral 
particles, e.g. aluminosilicates and crystalline quartz 
have been implicated in human disease, with lung 
cancer as the most severe consequence (Puledda 
et al., 1999; Powell, 2002; NIOSH, 2002). These 
fi ndings have been made with people exposed to 
very high concentrations for long periods, and in 
urban environments such high concentrations do 
not occur. 
In an epidemiological study Laden et al. (2000) 
found no association between increased mortality 
and fi ne mineral particle concentrations. In urban 
air, coarse particles, larger than PM2.5 are usually 
dominated by road dust. In a recent review article 
on studies about health effects of coarse particles 
(Brunekreef & Forsberg, 2005) it was concluded, 
based on epidemiological evidence, that fi ne particles 
have a stronger effect on mortality than coarse 
particles. However, there were adverse lung and 
cardiovascular responses associated with the coarse 
fraction that led to e.g. hospital admissions. One 
Finnish study also found similar results showing 
that coarse mineral particles were less strongly 
associated with mortality than fi ne, combustion-
derived particles (Penttinen et al. 2004). 
Apart from human health effects, road dust causes 
soiling of surfaces, e.g. buildings and vehicles and 
thus increases the need for cleaning measures. It 
may contain elements or compounds (e.g. metals, 
PAHs) that accumulate in the vicinity of the road, 
affecting roadside vegetation and surface soil 
(Ward, 1990; Lindgren, 1996). Material from road 
surfaces is a component of urban runoff waters and 
their contribution has been observed to affect the 
composition of water sediments (Faure et al., 2000; 
Gromaire et al., 2000).
2.6.2 Reducing road dust
Road dust is implicitly included in legislation 
requiring certain guide or limit values for respirable 
particles (PM10). This is the case for example in the 
EU and its member states as well as in the United 
States. Exceedances require the municipalities or air 
quality management districts to design action plans 
for attaining the limit values. If the exceedances of 
PM10 limit values occur due to road dust, the action 
plans are aimed particularly to lower its emissions. 
For example in the EU the PM10 limit values are 
given in the Council Directive (1990/30/EC) and 
they have been implemented to national legislation 
by the member states. The directive states that if 
the EU limit values for thoracic particles (PM10) are 
exceeded, member states must implement action 
plans in accordance with Council Directive 1996/62/
EC for attaining the limit value within a specifi c 
time limit. However, if the exceedance occurs due to 
the resuspension of particulates following the winter 
sanding of roads, such action plans are not required 
(Council Directive 1999/30/EC, article 5). Instead 
the member states must provide a list of such areas, 
with information of concentrations and sources of 
PM10. It must be shown that the exceedances are due 
to road sanding and that reasonable measures have 
been taken to lower the concentrations. 
In the United States the National Ambient Air 
Quality Standards (NAAQS) include both PM10 and 
PM2.5. The areas that do not meet these standards are 
called non-attainment areas. Several of these non-
attainment areas point to fugitive dust, including road 
dust, as an important source of PM10 and have given 
action plans to reduce it. Table 2 compiles several 
methods that have been used for controlling urban 
dust emissions (Watson & Chow, 2000).
Methods aimed specifi cally at reducing road 
dust in sub-arctic regions may include e.g. dust 
suppressing, street washing, or winter maintenance. 
They can also include quality requirements for 
traction sand aggregates, requiring for example wet 
sieving to achieve a certain grain size distribution 
without fi ne dust. 
Street sweeping and washing has been a 
traditional way of reducing dirt and debris from 
urban streets. However, several studies indicate 
that the effi ciencies of even modern state-of-the-art 
methods are reduced towards smaller particle sizes 
(Bris et al., 1999; Gromaire et al., 2000; Vaze & 
Chiew, 2002; Sutherland, 2003; Chang et al., 2005). 
For example Sutherland (2003) reported that the 
average reduction effi ciency of particles larger than 
500 micrometers was more than 80 percent, whereas 
for particles below 63 micrometers the corresponding 
fi gure was 49 percent. Studies have indicated that the 
reduction effi ciencies for airborne particles may be 
lower than that. According to Chang et al. (2005), a 
regenerative vacuum sweeper combined with street 
washing reduced street-side TSP by 0 to 35 percent. 
For PM10 the measurements by Fitz (1998), Kuhns 
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et al. (2003), Lohmeyer et al. (2004), and Johansson 
et al. (2005) showed no reduction. However, Kuhns 
et al. (2003) noted that although there appeared to 
be no short term reduction, street cleaning methods 
are effi cient in reducing material that later on 
can be crushed into the PM10 size range, and thus 
reduce emissions in the long term. Etyemezian et al. 
(2003b) suggested that since the travel lane is quickly 
replenished from road dust due to the turbulence 
created by the vehicles, mitigation measures should 
be aimed at other parts of the road such as curbs, 
center dividers and road shoulders from which dust 
may be shifted to the travelled parts for example by 
larger vehicles (see Section 2.6). 
Use of traction sanding is a potential source 
of particles in urban environments and the dust 
formation processes are studied in this thesis. Anti-
skid aggregates used in pedestrian areas may also 
act as reservoirs for road dust since some of the 
material may be relocated to areas with traffi c or 
be suspended by passing heavy vehicles, pedestrian 
activities or atmospheric turbulence. Emission from 
traction sanding can be reduced by using alternative 
methods, for example brine solution for melting the 
ice from road surfaces. However, Lough et al. (2005) 
and Gertler et al. (2006) also observed increased PM 
emission due to application of salt de-icers, although 
the increases were not as high as with application of 
traction sand (Gertler et al., 2006). Additionally, if 
the use of brine solution keeps the surfaces wet it 
can increase dust formation from road abrasion by 
vehicles (Räisänen, 2004).
Traction sanding should be used only in areas 
where it is really necessary. Such places include 
bus stops, hills, and sites with high ice formation. 
Furthermore, sanding aggregates with properties that 
decrease the tendency to dust formation can be used. 
The traction sand properties affecting dust formation 
are discussed in Section 4. 
Winter maintenance activities such as ploughing 
potentially affect the dust deposit. Although no 
studies are available, if snow piles containing dust 
are removed before the dust is released, the dust 
load in the road environment should be reduced later 
on. Although street sweeping and washing are not 
necessarily effi cient in reducing PM10 in the short 
term, they remove the coarser dust and debris that 
may be fragmented into smaller sizes. This also 
applies to traction sand in the road environments. 
Therefore the street cleaning methods should be 
applied as soon as possible to remove the traction 
sand deposits. The cleaning measures should be 
applied to the whole street environment, including 
curbs, center dividers and pedestrian areas. 
Dust suppressing agents agglomerate small 
dust particles into larger entities that adhere to the 
surface, resist suspension, or deposit rapidly after 
suspension (Watson & Chow, 2000; Bae et al., 2006). 
Wet suppressing with water is possible, but it lasts 
only until the water has evaporated from the surface. 
Liquid binders attract and trap moisture from air, 
thus reducing the drying rate and keeping the surface 
moist for a longer time (Bae et al., 2006). On paved 
surfaces liquid binders and dust suppressing can be 
used to keep the dust deposited until the weather 
conditions are suitable for street washing or until 
the fi rst rain events remove the deposits. Compounds 
used for dust suppressing and liquid binding include 
Table 2. Methods to control urban dust emissions (modifi ed after Watson & Chow, 2000)
Control Method Description
Street sweeping Sweepers use mechanical brushes, vacuum suction, regenerative air suction, or blow-air/suction 
recirculation to remove street debris, litter and dirt.
Water fl ushing Pressurized water sprays or water with added surfactants dislodge road dust and transport it to a drain 
system.
Resurfacing Repaving with non-erodible materials minimizes pavement cracks that trap and accumulate dust, thus 
reducing pavement abrasion.
Wet suppression Water applied to loose soils agglomerates small dust particles into larger entities that adhere to the 
surface, resist suspension, or deposit rapidly after suspension.
Chemical stabilization Chemical agents bind particles into larger aggregates that reduce the reservoir of suspendable particles.
Vegetative stabilization Ground cover and shrubbery reduces wind velocity at the surface and binds surface soil particles.
Traffi c controls Lower vehicle speeds, limited road usage, restrictions of heavy duty vehicle traffi c, and provision of 
parking and public transit opportunities in order to reduce activity on roads that produce dust.
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brine solutions such as CaCl2 or MgCl2, calcium 
magnesium acetate (CMA), or polymers. 
Not all regulations that affect road dust emissions 
have necessarily been aimed at reducing levels of 
airborne particles. There are special requirements 
for abrasion resistance of the pavement aggregates, 
asphalt mixes, or use and properties of studded tires, 
which have been largely aimed at reducing pavement 
wear and rutting of roads. Studded tires increase road 
wear and dust formation from the road surface, and 
increase the dust deposit in road environments. 
Thus limiting the use of studded tires and designing 
less abrasive studs would decrease road wear and 
road dust emissions. Nowadays several countries 
regulate the use of studded tires or their design (see 
e.g. Zubeck et al., 2004). The air pollution aspect has 
been emphasized especially in Japan and Norway 
(Zubeck et al., 2004). The use of studded tires is 
totally prohibited e.g. in Japan, Germany, United 
Kingdom, the Netherlands, and Belgium. In the 
Nordic countries their use is restricted to the winter 
months (October or November to April) and there 
are also regulations that govern the number of studs 
per tire, stud protrusion and stud weight. In Norway 
taxational measures have been used to limit the use 
of vehicles with studded tires in cities. In the United 
States and Canada the regulations are given on the 
state or provincial level and they vary from banned, 
limited seasonally, to permit with no restrictions 
(Zubeck et al., 2004). Some states or provinces also 
regulate the tire and stud designs in the same way 
as in the Nordic countries. 
The decision to ban the use of studded tires is 
not easy. On the one hand there are the effects and 
costs of enhanced road wear and air pollution health 
effects, on the other hand the better traffi c safety 
provided by studded tires. Recent studies have shown 
that studded tires still have better friction properties 
than friction tires in icy conditions (Alppivuori et 
al., 1995; Nordström 2003; Zubeck et al., 2004), 
and thus there is a risk of loss of lives and material 
damage from increased accidents. In a meta-analysis 
of several earlier studies Elvik (1999) concluded that 
laws banning the use of studded tires may increase 
wintertime accident rates by fi ve percent for snow- or 
ice-covered roads, two percent for bare roads, and 
four percent for all road surfaces combined. However, 
the variation between the individual studies was high 
(see Elvik, 1999). Better friction performance can 
be an important aspect especially for inexperienced 
drivers. Furthermore a certain amount of studded 
tires in urban traffi c counteracts the polishing effect 
of the road surface by non-studded tires, and thus 
enhances the friction properties of the surface. If 
studs are prohibited it may be necessary to increase 
traction sanding in order to maintain the traffi c safety 
level. This in turn could lead to higher road dust 
levels. Naturally, the winter conditions vary between 
the different countries. National policies must be 
formulated considering all the above aspects.
Other means to manage emissions of particulate 
matter in urban areas, including road dust, are urban 
space management and transport policies (Joumard et 
al., 1996, Watson & Chow, 2000). These have been 
studied rather little, but measures to limit emissions 
of road dust may include: lower vehicle speeds, 
limited road usage, restrictions of heavy duty vehicle 
traffi c, and provision of parking and public transit 
opportunities to reduce activity on roads that produce 
dust (Watson & Chow, 2000).
3 Material and methods
This work includes six papers with the following 
research objectives:
Paper I reports the results from the fi rst stage 
of road simulator tests conducted in 2001. The 
aim was to determine the source contributions and 
relative PM10 concentrations in the road simulator in 
situations where traction sanding and studded tires 
were used together or individually. Three different 
traction sand aggregates were studied as well as dust 
formation with studded and friction tires.
Paper II reports the results from the second 
stage of road simulator tests conducted in 2002. 
The aim was to continue the study of the source 
contributions and relative PM levels. Compared with 
the fi rst test stage, the research focus was extended 
to study the mass size distribution of the particles, 
composition of particles in the smaller size ranges, 
and measurements of organic and elemental carbon 
in the dust. Three different traction sand aggregates 
were studied.
Paper III compiles the results from all test 
stages and includes the results from the third stage 
of road simulator tests conducted in 2003. In the 
third test stage source contributions and relative 
PM10 concentrations were determined with a new 
pavement constructed using a different aggregate 
than in the fi rst and second stages. It also studied 
the effects of glaciofl uvial traction sand aggregates 
on PM10 emission levels, which were not studied in 
the earlier test stages.
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Paper IV reports the results from a fi eld 
measurement campaign conducted in Hanko and 
Tammisaari to estimate the share of the sanding 
component in the suspended particles and dust 
deposition samples.
Paper V uses the results from the fi rst stage of 
road simulator tests and focuses in more detail on 
the effects of the geological and mechanical-physical 
properties of the aggregates on dust formation. The 
results from aggregate testing are also reported.
Paper VI focuses on the results of the second and 
third stages of road simulator tests and studies the 
effects of the geological and mechanical-physical 
properties of the aggregates on dust formation. Results 
from the fi rst test stage are used for comparison.
3.1 The road simulator facility 
A road simulator was used to study the effects 
of traction sanding and tire type on formation of 
road dust (Fig. 3). The test facility was originally 
designed for testing the bearing capacity of different 
kinds of pavement structures. It has been applied 
earlier for studies on dust formation by Mustonen 
(1998) and Mustonen & Valtonen (2000), whose 
experience was also utilized while planning this 
work. During the course of this work Gustafsson et 
al. (2005) also conducted studies in a similar road 
simulator in Sweden. The operating principle of the 
two road simulators is the same but the dimensions 
and the number of tires is different (for more detailed 
information, see the description in Gustafsson et al., 
2005). Furthermore the materials and measurement 
instrumentation used by Gustafsson et al. (2005) 
were different from those used in this study. No 
other applications of such simulators to the study 
of emissions of airborne particles have been 
published.
The simulator was situated in a closed chamber, 
approximately 180 m3 in volume, equipped with 
cooling and ventilating systems. Before each test 
the chamber was cooled to a temperature of 0-2º C 
to represent the temperature in dry spring conditions. 
Relative humidity was 50 to 75 percent and surfaces 
were dry. The road simulator had an electrically 
powered rotating axle with two wheels and adjustable 
rotating speed. The two wheel axle system was tuned 
to move sideways so that the driving space of the 
tires was 330 mm. The diameter of the test ring was 
3900 mm. The design of the pavement was asphalt 
concrete with a maximum particle size of up to 11 
mm. The driving ring was surrounded with low walls 
to prevent the traction sand aggregate from fl ying 
off. 
Figure 3. The test room with the rotating axle system in the foreground and the impactor 
inlets behind.
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3.1.1 Test descriptions
Altogether 57 tests were performed: 47 with traction 
sand and ten without. Each test lasted for 20 to 30 
minutes. After each test, the dust was allowed to settle 
for 30 to 45 minutes, and the room was thoroughly 
vacuum cleaned and ventilated. The general aim 
was to study formation and direct emissions of road 
dust and thus the objective of the cleaning measures 
was to achieve a pavement surface with minimal 
resuspension. The effects of the following variables 
on particle concentrations and composition were 
tested: amount (0, 300, 1000, 2000 g m-2) and type of 
traction sand aggregate (seven different aggregates, 
two different grain size distributions), type of tire, 
and the driving speed (15 and 30 km h-1). The tire 
models were commercially available in 2001, state 
of the art, passenger car friction tires (speed rate Q) 
and studded tires with dimensions 175/70R13. The 
tire pressure was 2000 hPa and the mass applied to 
each tire was 300 kg. 
All the pavement and traction sand aggregates 
used in these tests are commonly used in local road 
construction and maintenance. All studied aggregates 
had high average hardness (ca. 6 to 6.5 in the Mohs 
scale). However, there was variation in the resistance 
to fragmentation, which describes how well anti-
skid aggregate grains can resist breakage into smaller 
sizes (see Paper VI). Additionally, the effect of grain 
size distribution on dust emissions was studied using 
the two aforementioned aggregates. The grain size 
distributions used were 2 to 5.6 mm and 1 to 5.6 
mm. 
It is diffi cult to estimate the proportions of the 
different mineral dust sources because they often 
have a similar mineralogical composition (Song et al., 
1999). The closed conditions of the test facility made 
it possible to rule out dust contributions from other 
sources than abrasion of tires, pavement and traction 
sand aggregates. Therefore aggregates (traction 
sand and pavement aggregate) with distinguishable 
mineralogy were chosen in order to facilitate 
estimation of the proportions of the different dust 
sources. The modal compositions of the aggregates 
are shown in Annex 3. The study was designed so that 
one mineral or several minerals could serve as tracers 
e.g. for particles worn from the pavement. In the 2001 
and 2002 test sets hornblende served as a tracer for 
pavement aggregate, whereas in the 2003 test set the 
trace minerals were quartz and k-feldspar. 
3.1.2 Limitations
It is important to note that the aim of these tests was 
not to simulate actual driving situations but rather 
to determine the effects and possible magnitudes of 
individual factors on road dust formation. In these 
tests only one pavement design and tires from one 
manufacturer and of one design were studied. In the 
test facility the rotating motion of the four meter 
axle system results in a grinding effect (turn slip) 
that is rarely found in street conditions with vehicles 
travelling straight forward or with a larger turning 
radius, e.g. ten to tens of meters. In this situation 
abrasive wear probably dominates over fragmentation 
(Paper V) and thus asphalt wear is higher than in the 
case of linear motion. Pavement wear due to studded 
tires may be enhanced. However, the relatively low 
speeds (15 and 30 km h-1) used in the tests could 
compensate for these factors. The steer of the tires 
was slightly adjusted towards the tangent of the 
driving ring in order to compensate for the turn slip 
effect. The nearest equivalents from urban conditions 
might be driving situations in crossings and parking 
areas, which are also places with extensive traction 
control. However, even there the turning radius is 
usually tens of meters. Currently, there are no other 
types of facility designs where these studies could 
be conducted. For the aims of this study the facility 
was evaluated to be suitable.
It should also be noted that the tests were run on 
dry surfaces so that the dust concentrations would 
not be suppressed by moisture. It is obvious that in 
real life icy, snowy, or wet surfaces common during 
winter and spring affect the dust formation process. 
For example wet conditions have been linked to 
increased pavement wear (see Section 2.1). If the 
road is covered with ice, pavement wear does not 
occur. 
The tests with traction sand were aimed at studying 
how different properties of the traction sand affect 
the emission levels in situations where the street 
surface under the tire is covered with traction sand. 
In road conditions traction sand is swept aside to the 
untravelled portions of the road by passing vehicles 
after some time. Kuhns et al. (2003) found that the 
emission levels remained elevated for 8 hours after 
sanding, whereas in the study by Gertler et al. (2006) 
the emissions were still elevated on the second day 
after sanding. 
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3.2 Field studies in Hanko and Tammisaari
A source analysis of road dust was performed in 
the cities of Hanko and Tammisaari. These are 
neighbouring towns with similar populations 
(10,000–15,000), traffi c and climatic conditions. The 
only signifi cant difference was the sanding material. 
The city of Hanko used clinker sand, whereas in 
Tammisaari, a ‘normal’ crushed rock material was 
used. The chemical composition of dust in Hanko 
was studied in order to estimate the amount of 
clinker-derived particles. Additionally, particle 
deposition was collected in both cities. Clinker has 
a homogenous composition with high concentrations 
of Ca and Mg. The elemental composition of the 
deposition samples was analyzed and the samples 
from the two cities were compared in order to study 
the effect of the clinker sand on the chemistry of 
the dust.
3.3 Particulate sampling and analysis
3.3.1 Aerosol sampling in the road 
simulator
Aerosol samples were collected with high volume 
samplers (Wedding & Associates Sampler – TSP 
and PM10), two virtual impactors (VI – PM2.5-10 and 
PM2.5), and two 12 stage (0.045-10.7 μm) cascade 
impactors (SDI) (Maenhaut et al., 1996). The high 
volume samplers were used during all three test 
stages, whereas the size distribution measurements 
with virtual and cascade impactors were done only 
during the second test stage. All the inlets were 
situated approximately 1.5 meters from the driving 
ring at a height of approximately 2.5 meters. The 
inlets of the virtual and cascade impactors during 
the second test stage can be seen in the background 
of Fig. 2. The VIs were equipped with quartz 
(Pallfl ex, type Tissuquartz 2500QAT-UP) and 
PTFE (Millipore, type FS3-μm) fi lters, the SDI with 
aluminium substrates and polycarbonate membranes 
(Whatman, type Nuclepore 800120) and the high 
volume samplers with glass fi bre fi lters (Munktell, 
type MG160). 
The elemental carbon (EC), organic carbon (OC) 
and carbonate carbon of the carbonaceous fraction 
were determined from the VI-quartz fi lter samples 
with a thermal-optical analyzer. The operation of the 
analyzer was described by Birch & Cary (1996) and 
Viidanoja et al. (2002).
3.3.2 Sampling and deposition analysis at 
Hanko and Tammisaari
Aerosol samples during the fi eld test in Hanko were 
collected with high volume samplers equipped 
with glass fi bre fi lters (Munktell, type MG160) 
(Wedding & Associates Sampler – TSP and PM10). 
Particle deposition was collected with the moss-bag 
method (see Little & Martin, 1974; Vasconcelos & 
Tavares, 1998) in Hanko and Tammisaari. The moss 
material (Sphagnum girgensohnii) was collected 
from a non-polluted bog in southern Finland and 
prepared according to the Finnish standard SFS 5794 
(Finnish Standards Association, 1994). There were 
three roadside sampling points in Hanko and two in 
Tammisaari. The bags were placed at a height of 2.5 
m by the same road as the high volume samplers on 
March 17th 2000, and the samples were collected 
after two, four, and six weeks. The sample bags were 
dried in 60ºC for 24 hours. For elemental analysis, 
approximately 0.3 g of dry homogenised moss matter 
was weighed to Tefl on vessels and digested with 6 ml 
of nitric acid (BDH Aristar, 69% HNO3) and hydrogen 
peroxide (Merck Perhydrol 30% H2O2) (5:1) and 
heated in a Milestone Ethos 1600-microwave oven. 
The concentrations of Al, B, Ba, Ca, Cr, Cu, Fe, K, 
Li, Mg, Mn, Na, Ni, Pb, Sr, Zn were measured with 
a Perkin-Elmer Elan 6000 ICP-MS. Only the results 
for Ca, Fe, and Mg are discussed here since they were 
the indicator elements for the purpose of the study. 
The ash contents of the samples were measured by 
burning dry homogenised moss in 500ºC for four 
hours. Each sample was prepared and measured in 
duplicate. The mean element concentrations (μg 
g−1) of the blank moss bags with standard deviation 
were 239 (SD 23) Ca, 132 (SD 30) Fe and 32 (SD 
2) Mg.
3.3.3 Particle analysis by electron 
microscopy
The morphology, composition and mineralogy of the 
particles were studied from high volume TSP- and 
PM10-fi lters and the cascade impactor membranes 
based on individual particle analysis with SEM/EDX. 
A similar instrumentation has been used in several 
particle studies (e.g., Mamane et al., 1980; Ganor 
et al., 1998; Kasparian et al., 1998; Paoletti et al., 
1999; Breed et al., 2002; Paoletti et al., 2002). The 
general aim was to study the source contributions of 
the mineral particle sources, e.g. traction sanding and 
asphalt pavement. This is only possible by studying 
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the detailed mineralogy of the dust. Individual particle 
analysis methods were used for this purpose.
SEM/EDX-samples were prepared by pressing a 
double-sided tape (Scotch Ruban Adhesive), attached 
to the SEM-stub, onto the fi lter surface covered with 
particles. The samples were then coated with either 
carbon or chromium to make the sample surface 
conductive. The elemental composition of large 
sets of particles was studied with a scanning electron 
microscope (SEM - ZEISS DSM 962) coupled with 
an energy dispersive X-ray microanalyzer (EDX - 
LINK ISIS with ZAF-4 measurement program). A 
minimum of two samples from each fi lter were taken 
and coated with carbon (Agar SEM Carbon Coater). 
The accelerating voltage was 20 kV. The total X-
ray count rate was calibrated to 1500 counts s-1 with 
cobalt. From each particle an X-ray spectrum was 
collected with a preset time of 15 s. 
The morphology and chemistry of fi ne and 
submicron particles was studied in detail from the 
polycarbonate membranes of the cascade impactor. 
A fi eld emission SEM (FESEM - JEOL JSM-6335F) 
coupled with an energy dispersive X-ray microanalyzer 
(EDX - LINK ISIS and INCA) was used for the 
analyses. Samples were prepared similarly as for 
conventional SEM, with Cr as the coating material. 
The acceleration voltage was 15 kV.
In the elemental analyses it is important to note 
that the ZAF correction method assumes fl at samples. 
This is not the case with complex sized and shaped 
particles and the atomic concentrations may therefore 
be biased (Paoletti et al., 1999). However, it is possible 
to estimate the presence of the main elements. As in the 
case of the study by Paoletti et al. (1999) the particle 
classes in this study were determined by distinguishing 
the presence and proportional concentrations of the 
typical elements. This classifi cation could be made 
with good confi dence.
The elemental composition of 100 to 300 randomly 
selected particles from each hi-vol fi lter was analysed 
and saved with ZAF-4. Observations concerning 
the shape and size were made simultaneously. The 
required representative number of particles depends 
on the complexity of the sample and the objectives 
of the study (Conner et al., 2001; Mamane et al., 
2001). The accuracy of the classifi cation was studied 
by comparing fi ve subsets of one sample (Paper I) 
and it was concluded that a set of 100 to 150 particles 
provided reliable results for the purposes of this 
study. 
The presence of Al, Ca, Cl, Fe, K, Mg, Na, O, 
S, Si, and Ti for each particle was determined. 
When other elements were clearly observed, their 
presence was also recorded. Particles were classifi ed 
according to their elemental composition. The 
elemental compositions of the particle classes were 
then compared with the elemental composition of 
the minerals in the aggregates to serve as a basis for 
classifying and eventually determining the sources 
of particles in the PM samples. 
3.3.4 Estimation of source contributions 
There are two generally recognized classes of source 
apportionment: the chemical mass balance method 
and multivariate statistical techniques (Luhana et al., 
2004). Multivariate statistical techniques can be used 
to identify common patterns in atmospheric data, 
whereas the chemical mass balance method requires 
knowledge about the source compositions. If such 
knowledge exists the chemical mass balance method 
is powerful for determining source contributions. 
This was estimated to be the case in this study and 
therefore the chemical mass balance approach was 
used.
The chemical mass balance method (see Eq. 
4) assumes that the chemical composition of the 
airborne particle samples, ci, is a linear combination 
of the contributions, sj, from independent sources and 
that the source signature, aij, is not modifi ed during 
the atmospheric transport. 
 i = 1, 2, …, n (Eq. 4)
The following assumptions must be met: a) 
composition of the source emissions (tracer profi le) 
is constant and ‘correct’, b) the components do not 
react with each other, c) only the identifi ed sources 
contribute to the receptor, and d) there is a suffi cient 
amount of data. Eventually if the compositions of the 
airborne sample and source signatures are known, 
source contributions can be solved (Eq. 4, Seinfeld 
& Pandis, 1998).
In this study the fulfi lment of the assumptions 
was carefully assessed. The source compositions 
were determined for the purposes of the study and 
only homogenous source materials were chosen 
for the tests. Mineral particles are chemically inert. 
The contributing sources were known in all of 
the study sites. The source estimates and airborne 
particle samples were based on large sets of data 
and the suffi ciency of the sample size was studied 
by performing comparative analyses (see Sections 
3.3.1 to 3.3.3).
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The source contributions to ambient PM in the 
road simulator during the second (Paper II) and the 
third test stages were calculated using the particle 
class balance analysis (Kim & Hopke, 1988), which is 
a modifi cation of the chemical mass balance method 
(CMB) and especially developed for individual 
particle data. The approach in both methods is to use 
the least squares solution to a set of mass-balance 
equations that express the chemical composition at the 
receptor as a linear sum of products of source profi le 
abundances and source contributions (Engelbrecht 
et al., 2002). A more detailed description of the 
methodology can be found in Kim & Hopke (1988), 
US EPA (2001) and the references therein. The latest 
CMB software (CMB8, US EPA, 2001) from US EPA 
was used for the calculations. 
In other cases the source estimations were 
made using relative abundances of tracer minerals 
or elements. The source contributions during the 
second and third test stages were calculated with 
both CMB and based on tracer minerals. The results 
were found to agree within about ten percent. More 
detailed descriptions of source signature profi les and 
calculation procedures can be found from the original 
papers (Papers I to IV). 
4 Results and discussion
The aim of this study was to provide data on 
formation of road dust, emission levels of direct 
emissions and the sources of these emissions (Papers 
I to III, V and VI). The studies were conducted in the 
road simulator, described in Section 3.1. The road 
simulator test results are presented as concentrations 
measured in the test facility, which represent the 
emission strengths during each test. The relative 
differences between the test concentrations represent 
relative differences in emission strengths. 
In addition to the road simulator studies, sources 
of road dust were also studied during a road dust 
resuspension episode in Hanko and Tammisaari 
(Paper IV). This section presents a summary of the 
results of the individual studies, presented in more 
detail in papers I to VI.
4.1 Particulate emission levels in the road 
simulator
Road simulator tests were aimed at providing data 
on formation and direct emissions of road dust. The 
tests were prepared so that the effects of indirect 
emissions, i.e. resuspension, would be minimized. 
The measurements conducted during all three 
stages provided a large set of data. The effects of 
the following variables on particle concentrations 
and composition were tested: amount (0, 300, 1000, 
2000 g m-2) and type of traction sand aggregate 
(seven different aggregates, two different grain size 
distributions), type of tire, and the driving speed (15 
and 30 km h-1) as well as type of pavement aggregate 
(two aggregates). All of the studied variables had 
measurable effects on particle levels and the following 
sections review the main results from the individual 
papers (Papers I-III, V and VI). All the test results 
are presented in tables in Annexes 1 and 2.
Background concentration was monitored before 
the tests and the averages were less than ten percent 
of the lowest concentration measured in the tests. 
Eight tests made in the fi rst test stage (see Paper 
I) were rerun in the second stage in order to study 
the repeatability of the measurements and analyses. 
The concentrations in the fi rst set were on average 
97 percent (SD 18) of those observed in the second 
set. 
4.1.1 Impact of traction sanding and 
pavement aggregates on dust generation
The lowest PM concentrations were measured in the 
tests with friction tires without traction sanding and 
the highest with studded tires and a high load of fi ne 
grained glaciofl uvial anti-skid aggregate (Annex 1). 
Expressed as emission factors, the emissions ranged 
from 2 to 269 mg vkm-1 (Annex 1). 
Figure 4 shows the PM10 concentrations with 15 
km h-1 and studded tire for reference crushed rock 
aggregates, aggregates with poor resistance against 
fragmentation, and glaciofl uvial aggregates. The 
trend line in Fig. 4 represents the crushed rock 
aggregates with better resistance to fragmentation. 
PM concentrations increased as a function of the 
amount of anti-skid aggregate dispersed on the 
asphalt surface. The PM10 concentrations were 
approximately two- to threefold with 300 g m-2 of 
anti-skid aggregate, four- to sixfold with 1000 g 
m-2 of anti-skid aggregate, and about 8 fold with 
2000 g m-2 compared to the experiments without 
traction sanding (Fig. 4). The trend was observed 
regardless of the tire type, anti-skid aggregate or 
asphalt aggregate in use. 
Figures 5a and 5b show the effect of the aggregate 
properties on PM10 as paired comparisons in x-
y charts. Figure 5a shows the dependence of the 
PM10 concentrations on the grading of the anti-skid 
material (left) and on the resistance of the aggregate 
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to fragmentation (right). Figure 5b presents similarly 
the comparisons of PM10 concentrations between 
crushed rock and glaciofl uvial anti-skid aggregates 
(left) and between the pavement aggregates (right). 
The statistical signifi cance of the differences was 
studied with Sign Test.
The infl uence of the grain size distribution of the 
anti-skid aggregates on PM formation was studied 
by comparing the test results of aggregates having a 
high mass percentage of 0 to 1 mm fraction (up to 20 
percent of mass below 1 mm) with aggregates having 
only trace amounts of mass in the grain size fraction 
below one or two mm (see Fig. 2 in paper V and Fig. 
4a in paper VI for detailed grain size distributions). A 
high percentage of fi ne-grained anti-skid aggregate 
particles of overall grading increased the PM10 
concentrations. The increase was observed with both 
studded and friction tires. The concentrations were 
about 20 percent higher with 300 g m-2 of fi ner grained 
aggregate and approximately 150 percent with larger 
amounts of anti-skid aggregate. The difference was 
statistically signifi cant (6 pairs, Sign Test, p-value 
0.0312). These results are in line with the study by 
Gustafsson et al. (2005), who observed that a natural 
sand aggregate with fi ner grading (grain size 0 to 8 
mm) resulted in higher PM10 levels than a crushed 
rock aggregate with a grain size of 2 to 4 mm. 
Paired comparisons showed that the anti-skid 
aggregate with poorer resistance to fragmentation 
(Granite 1) resulted in higher PM levels compared 
with the other aggregates in four of the fi ve pairs 
studied. The difference was more pronounced with 
higher aggregate loads (Fig. 5a). However, due to 
the low number of cases no statistical difference was 
observed (5 pairs, Sign Test, p-value 0.375). 
The two tested glaciofl uvial aggregates had on 
average higher particle concentrations compared with 
crushed rocks with good fragmentation resistance 
(Fig. 5b, Annex 1). The difference was statistically 
signifi cant (8 pairs, Sign Test, p-value 0.0078). 
The design of the pavement was similar in all 
test stages but two different pavement aggregates, 
mafi c volcanic rock and granite, were used. Both 
aggregates had good resistance both to fragmentation 
and to abrasive wear by studded tires, but the modal 
compositions were different (Paper VI). The average 
hardness of the granite was higher than that of mafi c 
volcanic rock. Comparison of the results indicated that 
mafi c volcanic rock as pavement aggregate resulted on 
average in 20 percent higher concentrations of PM10 
compared with granite as the pavement aggregate 
(Paper VI). However, a comparison of the results from 
paired tests with Sign Test showed that the difference 
was not statistically signifi cant (8 pairs, Sign Test, p-
value 0.0704). The result indicates that the properties 
of pavement aggregates may affect dust emission 
levels, but that more comparable measurements 
are needed. A similar conclusion was reached by 
Gustafsson et al. (2005), who observed lower PM10 
emission levels with quartzite as pavement aggregate 
compared with granite.
Figure 4. PM10 concentrations and the amount of anti-skid aggregate used in tests with studded tires and 15 
km h-1. The trend line represents crushed rock aggregates (diamonds).
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4.1.2 Impact of tire type on dust generation
The differences between the emission levels with 
studded and friction tires were studied during all the 
test stages. Figure 6 shows the paired comparison of 
PM10 concentrations with studded and friction tires 
as an x-y chart. All measurement results are given 
in the tables in Annex 1.
Without anti-skid aggregate and at speed of 15 
km h-1, the studded tire resulted in fourfold higher 
PM10 levels on average compared to friction tires. 
The difference varied between the individual tests 
(three pairs), the minimum being twofold and the 
maximum nine-fold. The highest difference was 
observed with the granite asphalt. At 30 km h-1 (one 
pair) the difference was fi vefold. However, this was 
measured only during the second test stage with 
mafi c volcanic rock asphalt.
These results can be compared with those of 
Gustafsson et al. (2005) who measured 31-fold 
higher emissions for studded tires compared with 
friction tires with 30 km h-1. The difference was about 
50 to 70-fold at 50 to 70 km h-1. The differences 
in results at the same speed (30 km h-1) between 
Gustafsson et al. (2005) and this work may be due 
to differences in design of the simulator, the ambient 
Fig. 5b. X-Y charts showing the comparison of PM10 concentrations with crushed rock aggregates or crushed 
glaciofl uvial aggregates (left) and comparison of PM10 concentrations with the two pavement aggregates 
(right).
Figure 5a. X-Y charts showing the effects of grading of the anti-skid material (left), and the effect of the 
aggregate’s resistance to fragmentation (right) on PM10.
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conditions in the test space, duration of measurement, 
the properties of the pavement aggregate, and the 
tire type. This shows that there are uncertainties 
related to such measurements when several factors 
affect the emissions. Further studies should aim 
at understanding the source of such differences 
and minimizing the uncertainties related to these 
emission sources. Although the exact magnitude of 
the difference varies, both studies indicate that in 
conditions with negligible resuspension studded tires 
generate more particles than with friction tires.
The results can be used for making order of 
magnitude estimations of emission factors of 
airborne particles from direct emissions from road 
abrasion (results are shown in Annex 1). Calculated 
for four wheels, the emission factor for friction tires 
was about 10 mg vkm-1 for PM10 when the simulator 
was operated at speeds of 15 and 30 km h-1. This is 
broadly in line with the values discussed in Section 
2.1. Studded tire emissions were 2 to 9 times higher 
than with friction tires, which give a range of 20 to 
90 mg vkm-1. The measured value with studded tires 
at 30 km h-1 was 40 mg vkm-1.
The test results (Annex 1) showed that studded 
tires also resulted in higher PM concentrations than 
friction tires when using anti-skid aggregate. In paired 
tests studded tires increased the PM10-concentrations 
on average by a factor of two. This difference was 
statistically signifi cant (12 pairs, Sign Test, p-value 
0.0002). The average difference was slightly smaller 
with mafi c volcanic rock (1.5) than with the granite 
pavement (2.2). These results are consistent with 
those reported by Gustafsson et al. (2005).
Figure 6. Comparison of PM10 concentrations with 
studded and friction tires.
4.1.3 Size distribution of abrasion dust
Mass size distributions of the particles were measured 
during the second test stage in order to study the 
contribution of abrasion particles in the fi ne and 
submicron size ranges. The results are presented 
in Figures 7a, 7b, and Annexes 1 and 2. Based on 
results from 15 tests, PM10 comprised on average 
33 percent (SD 5) of the TSP and PM2.5 on average 
9 percent (SD 2) of PM10. The submicron fraction 
(PM0.9) was on average six percent of PM10.7. The 
relative abundances of the different size classes were 
similar regardless of the test settings.
Figure 7a shows the detailed mass size distributions 
in tests with studded and non-studded tires without 
anti-skid aggregate for speeds of 15 km h-1 and 30 
km h-1. Studded tires produced more particles in 
the main size classes and the effect became more 
pronounced at higher speed due to enhanced wearing 
of the asphalt aggregate by tire studs (Fig. 7a). The 
full data sets of the detailed mass size distributions 
are presented in Annex 2. 
Fig. 7b shows the size distribution for 15 km 
h-1 with 880 g m-2 anti-skid aggregate. In the tests 
with anti-skid aggregates (Fig. 7b), the difference 
between the tire types was less clear than in the tests 
without the anti-skid aggregate. This indicates that 
the sanding aggregate results in formation of particles 
regardless of the tire type. 
Particles in the fi ne and submicron size ranges were 
present in all measurements. The size distributions 
were similar to those measured by Chow et al. (1994) 
and Kuhns et al. (2001) for paved road dust, by 
Puledda et al. (1999) for silica particles and by Silva 
et al. (2000) for soil dust in fi eld conditions. All of 
these sources are dominated by mineral particles. 
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Figure 7a. Particle size distributions with studded and friction tires at 15 km h-1 (above) and 30 km h-1 
(below), without anti-skid aggregate.
Figure 7b. Particle size distributions with studded and friction tires at 15 km h-1 and 880 g m-2 of 1 to 2 
mm crushed rock anti-skid aggregate.
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4.1.4 Composition of dust
The individual particle analysis with SEM/EDX 
showed that the majority (over 90 percent) of the 
particles were aluminosilicates originating from 
the aggregates used. The remaining three to ten 
percent of the particles contained additional carbon 
and sulphur and sometimes also manganese and 
zinc. Such particles have been identifi ed in earlier 
studies to characterize sources such as tires and road 
bitumen (Rauterberg-Wulff et al., 1995; Camatini et 
al., 2001). Results of the mineralogical classifi cation 
of the analysed particles that was used for CMB 
calculations are shown in Annex 4.
The examination of particle compositions 
showed that both asphalt aggregate and traction sand 
aggregate contributed to the particle concentrations. 
Figure 8 shows the modal compositions of PM10 from 
two tests at 15 km h-1 with studded tires, measured 
during stage II with 880 g m-2 and 1760 g m-2 of 
granite anti-skid aggregate, and their relation to the 
modal composition of the sources (anti-skid and 
pavement aggregates). Results from tests without 
anti-skid aggregate served as a pavement reference. 
In both Test A and Test B (Fig. 8) hornblende served 
as the tracer for pavement aggregate whereas quartz, 
K-feldspar, and class ‘Others’ as tracers for the anti-
skid aggregate. In the tests with anti-skid aggregate, 
the share of hornblende was lower and the shares of 
quartz, K-feldspar, and ‘Others’ were higher than 
in the test without traction sand, indicating that 
dust was formed from both pavement and traction 
sand aggregates. The contribution of the anti-skid 
aggregate to the modal composition became more 
pronounced in Test B which had a higher amount 
of traction sand. 
A FESEM/EDX analysis of the submicron 
particles (50% cut off sizes of the impactor stages: 
0.45 μm and 0.69 μm) showed that they were mainly 
mineral particles from either asphalt or anti-skid 
aggregates, such as plagioclase, hornblende and 
quartz (Paper II). The results show that mineral 
particles from mechanical abrasion also contribute 
to the submicron mass fraction. No indications of 
enrichment of particles from tires were found from 
these impactor stages. However, the studies were 
limited only to these two stages at this point and 
tires may be a source of smaller particles than those 
studied here (see e.g. Dahl et al., 2006).
The results of the carbon measurements made 
from the second set of tests (Paper II) are shown 
in Annex 1 and the results for OC in Table 3. The 
average share of the carbonaceous fraction in all 
the tests was fi ve percent (SD 2). Most of this was 
organic carbon (4.5%, SD 1.8), with trace amounts 
of elemental (0.2%, SD 0.3) and carbonate carbon 
(0.4%, SD 0.1). Carbonate carbon was present in 
all tests (Annex 1), which indicated the presence of 
dust from the limestone powder used in the asphalt 
pavement fi ller. 
The OC originates either from the asphalt 
pavement bitumen or from the tires. As can be seen 
in Table 3, there was no signifi cant difference in 
mass concentrations of OC between the two tire 
types (6 pairs, Sign Test, p-value 0.656). However, 
a statistical difference (6 pairs, Sign Test, p-value 
0.016) was observed with higher mass percentages 
Figure 8. The modal compositions of granite anti-skid aggregate, PM in the test without anti-
skid aggregate (Pavement reference), and PM10 samples in two tests with studded tires and a 
different amount of anti-skid aggregate (Test A: 880 g m-2; Test B: 1760 g m-2).
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of OC in the tests with friction tires (Table 3; Annex 
1). The results indicate that there are no differences 
in the formation rate of OC particles between the tire 
types, although the formation rate of mineral particles 
from the aggregate is higher with studded tires 
(see Section 4.1.2). It is possible that studded tires 
produced more suspended particles from the asphalt 
pavement, increasing OC mass from the bitumen and 
thus compensating for higher tire wear from friction 
tires and leading to non-signifi cant differences for 
mass concentrations of OC. A thorough analysis of 
the source contributions of tires vs. road bitumen 
would require a more detailed speciation of the 
organic compounds.
4.1.5 Sources of dust – the sandpaper 
effect
Based on the data on particle concentrations and the 
analyses of the particle composition (Annex 4) as 
well as the source contribution estimates (Fig. 9a, 
9b, and 10), it was concluded that anti-skid aggregate 
was not only crushed under the tires into small PM10 
particles but that these particles also increased the 
wear of the asphalt aggregate. The breakage of 
particles into smaller entities with more wearing 
surface under the tire also enhances the wear of 
pavement aggregate in the tire-road interaction. This 
phenomenon was named ‘the sandpaper effect’. The 
fi nding supports the results of Kanzaki and Fukuda 
(1993) and Lindgren (1998) who suggested that loose 
particles e.g. scraped off the road surface may work 
as grinding material and increase the wear. 
Figure 9a (from Paper II) compiles the source 
contribution estimates for test stage II and Figure 
10 from test stage III, as calculated with CMB8 
(see Section 4.3.4). Results of test stages I and II 
are compared in Figure 9b. The source analyses 
showed that in tests with crushed rock traction sands, 
Table 3. Results of the OC measurements for friction and studded tires from stage II (Paper III). Test speed was 15 km h-1 unless 
indicated otherwise.
 OC [mg m-3] OC (%) Notes
 Friction Studded Friction Studded  
No anti-skid aggregate 0.04 0.02 8.3% 3.0%
No anti-skid aggregate 0.04 0.10 5.7% 3.0% 30 km h-1
Granite1 0.15 0.11 5.9% 3.9% 1000 g m-2
Granite1 0.18 0.18 4.0% 2.8% 1000 g m-2, with <2mm grains
Granite2 0.09 0.11 6.3% 6.2% 1000 g m-2
Diabase 0.13 0.09 6.4% 3.1% 1000 g m-2
the abundance of particles from pavement aggregate 
varied from 36 percent (Figs. 9a and 9b: Stage II, 
15 km h-1, Studded tire, ~2000 g m-2 of Granite1) up 
to 99 percent (Figs. 9a and 9b: Stage II, 15 km h-1, 
Friction tire, ~1000 g m-2 of Diabase). The estimated 
error is ±10. The aggregates with high resistance 
to fragmentation (Granite2 and Diabase) resulted 
in high relative contributions from the pavement 
but had lower overall PM concentrations (Figures 
9a, 9b, and 10). This indicates that it is possible to 
decrease dust formation by using aggregates with 
good resistance to fragmentation which minimizes 
the breakage of traction sand. Increase in traction 
sand load also increased the relative contribution of 
the sanding component, although a large fraction still 
originated from the pavement. 
The source contribution estimates (Fig. 9a, 9b, 
and 10) showed that the increase in overall PM10 
concentrations with studded tires compared with 
friction tires (Section 4.1.2) is only partly explained by 
enhanced abrasion of the pavement aggregate by the 
studs. The abundance of dust from anti skid aggregate 
is higher with studded tires than with friction tires 
(Fig 9a, 9b, and 10). It seems that studded tires break 
down the anti skid aggregate grains more effi ciently 
than friction tires. This effect can be partly a result of 
studs fragmenting the sand particles but may also be 
due to differences in rubber and tread characteristics 
(see discussion in Section 2.1).
The PM10 concentrations were higher with 
traction sand aggregates that had poor resistance to 
fragmentation (Granite1 in Fig. 9a and 9b) compared 
with the more resistant aggregates. The source of 
increase was mostly the traction sand aggregate (Fig. 
9a and 9b). Finer grading (1/5.6 mm instead of 2/5.6 
mm, see Section 4.1.1) increased the contribution 
of crushed particles from anti-skid aggregate. The 
abundance of particles from pavement aggregate was 
also higher, which indicates that the larger surface 
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area of the fi ner sized anti-skid aggregate results in 
more effi cient abrasion of the pavement. 
On average, 1.5 percent with a maximum 5 
percent (Stage II, 15 km h-1, Friction tire, No sand) 
of PM10 originated from tires. These percentages 
are in line with earlier studies which have indicated 
Figure 9a and 9b. Source contributions as stacked columns during test stage II (Figure 9a, modifi ed 
from Paper II, mass of traction sand is the amount dispersed per square meter) and comparison 
with results from test stage I (Figure 9b).
that the contribution of tire dust to ambient particle 
mass is rather small. For example, Rogge et al. 
(1993) estimated that tire wear contributed up to 1.6 
percent of the road dust mass in Pasadena, California. 
Pierson and Brachaczeck (1974) concluded that tire 
wear comprises one to four percent of total airborne 
particles.
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Fig. 11 shows the relative contributions from 
pavement and anti-skid aggregates during all test 
stages with diabase as the anti-skid aggregate. The 
results show that the share of PM10 from the granite 
asphalt aggregate (Pavement 2 in Fig. 11) was 
relatively low compared to tests with mafi c volcanic 
rock as asphalt aggregate (Pavement 1). Furthermore 
the overall PM10 concentrations were on average 20 
percent lower with granite (see tables in Annex 1). 
Figure 10. Source contributions as stacked columns during test stage III (mass of traction 
sand is the amount dispersed per square meter).
Figure 11. Relative 
PM10 abundances 
from anti-skid and 
asphalt aggregates 
during all test stages 
with diabase as 
anti-skid aggregate. 
The aggregate in 
Pavement 1 was 
mafi c volcanic rock 
and in Pavement 
2 granite. (Figure 
modifi ed from Paper 
VI) 
The average hardness of the granite is higher than 
that of the mafi c volcanic rock, which results in a 
higher resistance to abrasive wear (Paper VI). Thus 
the sandpaper effect on granite pavement was lower 
and the formation of dust from anti-skid aggregate 
higher. These observations indicate that the properties 
of asphalt and anti-skid aggregates as well as their 
interaction have an effect on relative dust formation 
strengths from these sources.
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4.2 Particle characteristics in hanko and 
tammisaari during a spring-time episode
Characteristics and sources of particles were studied 
in Hanko and Tammisaari during a vernal road dust 
episode in 2000. These towns were chosen for the 
study because the city of Hanko used crushed clinker 
from the masonry oven of a nearby steel plant as 
anti-skid material. The clinker has a homogenous 
composition, with high concentrations of Ca and 
Mg which were used as tracers for the traction sand 
aggregate. Tests made in the road simulator during 
the fi rst stage showed that the dust formation from 
crushed clinker did not differ signifi cantly from 
crushed stone materials (see Paper I). 
The source contribution of sanding was assessed 
from suspended particles as well as from dust 
deposition samples. The results showed that during 
the studied time period approximately 10 percent of 
the total dust originated from traction sand aggregate. 
In the ambient PM10 fi lter samples the share of clinker 
particles was 12 percent in the beginning of the 
studied period in March (March 17 to March 26) but 
had decreased to six percent in April (April 2 to April 
13). Compared with only the mineral fraction the 
average share attributable to street sanding (clinker) 
was approximately 20 percent in the beginning but 
had decreased to 11 percent in April. Other identifi ed 
dust sources were minerals from asphalt aggregate 
or other soil sources, with approximately 50 percent 
share, the rest being from combustion or other 
sources. The results show that the contribution of 
anti-skid aggregate is observed in both ambient and 
deposition dust samples. Part of the minerals from 
pavement aggregate may have formed due to the 
sandpaper-effect, thus representing an indirect result 
of traction sanding.
Not many studies have attempted to estimate the 
source contribution of traction sanding to ambient 
PM. Often the compositions of traction sand 
and pavement aggregates are so similar that it is 
impossible to distinguish between these two sources. 
It is possible that the contribution of traction sanding 
is different in other types of street environments 
than those in the Hanko study site, as indicated by 
Tervahattu et al. (2005). Higher abundances may be 
observed in locations with more extensive use of 
traction sanding, and as shown in the road simulator 
tests the properties of the applied sand aggregate also 
have an effect. There may also be signifi cant temporal 
variation in abundance of the source contributions, 
as indicated by Kantamaneni et al. (1996), Kuhns et 
al. (2003) and Gertler et al. (2006) (see also Section 
2.5). These are not necessarily captured accurately 
in this study.
In Hanko the results show that the contribution 
from traction sanding decreased towards the spring. 
A downward trend in road dust emission levels 
towards the summer was observed by Kuhns et al. 
(2003) and Gertler et al. (2006). It is possible that 
the abundance of traction sanding in dust in Hanko 
was higher earlier in the winter and that the study 
period did not capture it. Further studies on source 
contribution of traction sanding should be designed 
to include several street environments and to have 
longer temporal coverage (preferably several years). 
Detailed records of the conducted measures should 
also be kept.
5 Conclusions
Based on the results of this study the following 
conclusions can be made:
i In the road simulator tests traction sanding 
increased the road dust emissions and the effect 
became more dominant with increasing sand 
load. A high percentage of fi ne-grained anti-skid 
aggregate of overall grading increased the PM10 
concentrations compared with material that was 
wet-screened to contain no grains below 1 to 2 
mm. The anti-skid aggregate with poor resistance 
to fragmentation resulted in higher PM levels 
compared to the other aggregates, especially with 
higher aggregate loads. Glaciofl uvial aggregates 
tended to have higher particle concentrations 
compared with crushed rocks with good 
fragmentation resistance. 
ii Comparisons of studded and friction tires 
showed that in the test conditions with negligible 
resuspension, studded tires formed more particles 
compared with friction tires. This observation also 
applied for the tests with anti-skid aggregate.
iii Source analyses showed that the road dust 
emissions in the road simulator originated from 
both traction sanding material and pavement 
aggregate. Traction sanding affects dust formation 
in two ways: the traction sand aggregate is 
fragmented into small particles and the sand 
grains also wear the pavement aggregate under 
the tires (sandpaper effect). Therefore particles 
from both sources are observed. The contribution 
of anti-skid aggregate was also observed in urban 
conditions in both ambient and deposition dust 
samples. The results show that traction sanding 
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should be considered in evaluations of urban PM10 
dust sources. 
iv The mass size distribution of traction sand and 
pavement wear particles was mainly coarse in 
size but fi ne and submicron particles were also 
observed.
Both road abrasion due to studded tires and traction 
sanding have been hypothesized to be relevant sources 
contributing to urban particles, but previous studies 
have not attempted to investigate factors affecting 
the source specifi c emission characteristics in more 
detail, or to measure their actual source contributions. 
There are no studies that have looked at situations in 
which both traction sanding and studded tires are in 
use. This study has shown, based on measurements 
of airborne particles, that both road surface abrasion 
by studded tires and traction sanding are potentially 
important sources of particles. When applied in 
traction control, they should both be included in 
emission estimations of particulate matter.
Some earlier studies (see Section 2.5) have 
indicated that traction sanding increases particulate 
emission levels but they have not attempted to study 
which material properties affect the emissions and 
which of the properties are most important. The 
results of this study have shown that the dispersion 
amount, grain size, and resistance to fragmentation 
are factors that affect dust formation from the 
traction sand aggregate. To decrease the formation of 
particulate matter, traction sand aggregate should be 
wet-screened, so that it does not include suspendable 
material and so that the surface area of sand grains 
below the tire is as low as possible. This minimizes 
the sandpaper-effect, in which the sand grains abrade 
the road surface. For example possibilities to use wet-
screened (no grains below 2 mm) traction sands with 
high resistance to fragmentation in traction control 
of densely populated urban areas should be assessed 
(Räisänen, 2004).
In the ‘clean’ pavement surface of the road 
simulator more dust was formed with the studded 
tire than with the friction tire. However, it is probable 
that the relative differences may vary with different 
tire and pavement properties. Furthermore if the 
road surface includes much loose or resuspendable 
material the difference between the tires becomes less 
clear, as also indicated by the results of the sanding 
tests in this study. Considerations of safety aspects 
should be included when assessing the possibilities 
to apply new materials or tire designs in reducing 
particulate emissions.
6 Recommendation for further 
research
The literature review revealed important knowledge 
gaps regarding the quantifi cation of particulate 
emissions from non-exhaust sources, including 
emissions from different methods of traction control. 
At this point very little information on emission factors 
in road conditions is available that could be used for 
quantitative assessments of source contributions in 
urban areas. Furthermore the applicability of some 
studies to other geographical areas is unclear. Further 
studies should be conducted to provide more data, 
focusing on following issues: 
– Roadside measurements combined with 
dispersion and receptor modeling should be used 
to study the contribution of individual sources 
to suspended particles in urban air. Chemically 
traceable materials should be used in combination 
with receptor modelling. For chemical analyses, 
e.g. individual particle analyses as well as 
bulk elemental and compound analyses can be 
utilized. 
– Effects of traction sanding and tire type on 
road dust emissions should be studied in urban 
conditions. Similar source analyses as described 
in this thesis should be conducted in several urban 
street environments and with a longer temporal 
coverage (preferably several years). The effect of 
winter maintenance and street cleaning measures 
on resuspension should be studied. 
– Laboratory and simulator tests as well as closed 
testing circuits should be used for measuring the 
source characteristics and effects of individual 
factors on formation and emissions of road dust. 
These test protocols should include several types 
and designs of tires, pavements with different 
properties and conditions, as well as different 
anti-skid aggregates. 
– Instrumented measurement vehicles can be used 
for achieving spatial information on road dust 
emissions in real-life driving conditions. This 
information can be combined with information on 
traffi c and pavement characteristics, silt loadings, 
winter maintenance measures, street cleaning 
activities etc. to study their effects on emission 
levels.
– Currently, some average emission factors for 
direct sources and resuspension are available 
but their applicability to local road conditions 
is not straightforward. Emission factors should 
be studied in real-life road environments with 
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different traffi c speeds, pavement conditions and 
types etc. and utilizing roadside measurement 
data as well as instrumented vehicles. 
– Emission, dispersion and exposure models 
should be developed further to include a more 
comprehensive description of road dust emissions 
and their effects. Further work should be focused 
especially on emission models that should include 
adequate descriptions of non-exhaust emissions 
and resuspension processes. 
Yhteenveto
Moottoriajoneuvot päästävät hiukkasia ilmaan pa-
kokaasujen mukana, mutta niitä muodostuu myös 
mekaanisissa prosesseissa tien pinnan ja renkaan 
vuorovaikutuksessa, jarruissa ja moottorissa. Lisäk-
si hiukkaset, jotka ovat laskeutuneet tien pinnalle 
tai sen lähettyville, voivat nousta ilmaan uudelleen 
ajoneuvojen aiheuttamien ilmavirtojen tai renkaiden 
nostattamina (resuspensio). Yleistermi näille hiuk-
kasille on katupöly. Katupölyn muodostumiseen ja 
päästöihin vaikuttavat prosessit ovat monimutkaisia 
ja tällä hetkellä huonosti tunnettuja.
Katupöly muodostaa erityisesti keväisin merkit-
tävän osan keuhkohengitettävistä PM10 hiukkasista 
maapallon pohjoisilla alueilla kuten Skandinaviassa, 
Pohjois-Amerikassa ja Japanissa. Korkeiden katupö-
lypitoisuuksien on esitetty olevan seurausta lumisista 
ja jäisistä talviolosuhteista, joiden takia liikenteessä 
on käytettävä liukkaudentorjuntaa. Liukkaudentor-
juntamenetelminä käytetään esimerkiksi talvihie-
koitusta ja teiden suolausta. Lisäksi autoissa käy-
tetään joko nastallisia tai nastattomia talvirenkaita 
(kitkarenkaita), joiden suunnittelussa on erityisesti 
kiinnitetty huomiota renkaiden pitoon liukkaissa 
talviolosuhteissa. Useat liukkaudentorjuntamenetel-
mistä lisäävät mineraalihiukkasten muodostumista 
tien päällysteen tai hiekoitushiekan kulumatuotteina. 
Muodostuneet hiukkaset kerääntyvät tieympäristöön 
talven aikana. Keväällä kun lumi ja jään sulavat ja 
pinnat kuivuvat, hiukkasia nousee ilmaan merkittäviä 
määriä mm. liikenteen aiheuttamien ilmavirtauksien 
nostamina.
Yleisenä tavoitteena tutkimuksessa oli selvittää 
katupölyn muodostumiseen vaikuttavia tekijöitä ja 
prosesseja päällystetyillä pinnoilla. Erityisenä pai-
nopisteenä oli tutkia hiukkasten muodostumista tien 
pinnan ja renkaan vuorovaikutuksessa, käytettäessä 
talvirenkaita ja hiekoitusmursketta. Mittausten koh-
teena olivat keuhkohengitettävät hiukkaset, joiden 
aerodynaaminen halkaisija on alle 10 mikrometriä 
(PM10), mutta myös muita hiukkaskokoluokkia tut-
kittiin. Tutkimuksessa selvitettiin seuraavia kysy-
myksiä: i) Miten talvihiekoitus ja hiekoitusmateri-
aalin fysikaaliset ominaisuudet vaikuttivat katupölyn 
muodostumiseen? ii) Miten nastoitetut talvirenkaat 
erosivat pölyn muodostumisen osalta nastoittamat-
tomista talvirenkaista (kitkarenkaista)? iii) Mikä oli 
katupölyn koostumus ja lähteet testiradalla sekä ke-
väisen katupölyepisodin aikana Suomessa? iv) Mikä 
oli tien ja renkaan vuorovaikutuksessa syntyneiden 
hiukkasten kokojakauma? Tutkimukset suoritettiin 
testiradalla ja kaupunkiolosuhteissa.
Testiradalla tehdyissä kokeissa havaittiin, että 
hiekoitus lisäsi PM10-katupölyn muodostumista, ja 
että päästöt kasvoivat hiekoitusmurskeen määrää 
lisättäessä. Pölyn muodostumista lisäsivät myös 
murskeen korkea hienoainespitoisuus sekä mate-
riaalin heikompi iskunkestävyys. Rengastyyppien 
vertailu koeolosuhteissa osoitti, että pölyä muodostui 
enemmän nastoitetuilla talvirenkailla kuin nastoitta-
mattomilla, nk. kitkarenkailla. Sama trendi havaittiin 
myös hiekoitetuissa testeissä.
Koeolosuhteissa havaitut hiukkaset olivat pääasi-
assa mineraaleja ja peräisin päällysteen kiviainek-
sesta ja/tai hiekoitusmurskeesta. Hiekoituskokeissa 
havaittiin nk. hiekkapaperi-ilmiö: hiekoitusmurske 
hajoaa pienemmiksi partikkeleiksi renkaan alla, mut-
ta syntyneet partikkelit kuluttavat myös päällystettä. 
Näin ollen pölyssä havaitaan hiukkasia molemmista 
lähteistä. Myös kaupunkiolosuhteissa talvihiekoi-
tuksen havaittiin olevan tärkeä hiukkaslähde. Hiuk-
kasten massakokojakaumassa karkeat hiukkaset 
muodostavat valtaosan, mutta myös pienhiukkasia 
(PM2.5) havaittiin.
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ANNEX 1. Road simulator test results.
Test set I
Tire Traction sand Amount dispersed PM10 a) PM10 a)
dm3 g m-2 mg m-3 mg km-1
Tests with friction tires (non studded), traction sand aggregate grain size 2-5.6 mm
Friction - 0 0 0.32 8
Friction Granite 1 2 926 1.42 34
Friction Diabase 2 1056 1.21 29
Tests with studded tires, traction sand aggregate grain size 2-5.6 mm
Studded - 0 0 0.66 16
Studded Granite 1 2 926 2.15 52
Studded Granite 1 4 1853 6.84 165
Studded Diabase 2 1056 2.27 55
Studded Diabase 4 2112 5.40 130
Tests with traction sand aggregate grain size 1-5.6 mm
Studded Granite 1 2 926 6.80 164
Tests at 25 km h-1
Studded Granite 1 2 926 3.25 39
a) PM10 = high volume sampler
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Test set II
Tire Traction sand Amount dispersed TSP a) PM10 a) PM2.5 a) PM10 a) PM2.5 a) EC OC CC b)
dm3 g m-2 mg m-3 mg km-1 % in PM10
Tests with friction tires (non studded), traction sand aggregate grain size 2-5.6 mm
Friction - 0 0 1.9 0.44 0.05 11 1 1.4% 8.3% 0.4%
Friction Granite 1 2 880 7 2.50 0.18 60 4 0.2% 5.9% 0.4%
Friction Granite 2 2 933 4.6 1.50 0.11 36 3 0.3% 6.3% 0.4%
Friction Diabase 2 1046 4.9 2.01 0.13 48 3 0.3% 6.4% 0.6%
Tests with studded tires, traction sand aggregate grain size 2-5.6 mm
Studded - 0 0 2.8 0.70 0.05 17 1 0.4% 3.0% 0.1%
Studded Granite 1 2 880 9.2 2.82 0.28 68 7 0.1% 3.9% 0.3%
Studded Granite 1 4 1760 26.3 1.12 27 0.1% 2.6% 0.3%
Studded Granite 2 2 933 6.5 1.77 0.13 43 3 0.1% 6.2% 0.4%
Studded Granite 2 4 1866 14 4.82 0.43 116 10 0.1% 2.8% 0.3%
Studded Diabase 2 1046 2.79 0.20 67 5 0.1% 3.1% 0.3%
Studded Diabase 4 2112 16.4 5.46 0.46 131 11 0.0% 2.8% 0.3%
Tests with traction sand aggregate grain size 1-5.6 mm
Friction Granite 1 2 865 11.8 4.51 0.44 108 11 0.2% 4.0% 0.5%
Studded Granite 1 2 865 16.9 6.48 3.47 155 83 0.1% 2.8% 0.3%
Tests at 30 km h-1
Friction - 0 0 2.40 0.75 0.08 9 2 0.0% 5.7% 0.4%
Studded - 0 0 9.10 3.37 0.33 40 8 0.0% 3.0% 0.3%
Studded Granite 1 2 880 12.6 3.36 0.52 40 12 0.2% 4.8% 0.3%
a) TSP=high volume sampler, PM10 and PM2.5= Virtual impactor  b) Carbonate Carbon
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Test set III
Tire Traction sand Amount dispersed PM10 a) PM10 a)
dm3 g m-2 mg m-3 mg km-1
Tests with friction tires (non studded), traction sand aggregate grain size 2-5.6 mm
Friction - 0 0 0.09 2
Friction Diabase 1 301 0.33 8
Friction Diabase 2 1036 0.62 15
Friction Mafi c volcanic rock 1 304 1.15 28
Friction Mafi c volcanic rock 2 1032 0.98 24
Friction Glaciofl uvial crushed stones 2 884 2.62 63
Friction Glaciofl uvial sieved sand 2 985 1.14 27
Tests with studded tires, traction sand aggregate grain size 2-5.6 mm
Studded - 0 0 0.77 19
Studded Diabase 1 301 1.43 34
Studded Diabase 2 1036 1.92 46
Studded Diabase 4 2072 4.06 98
Studded Mafi c volcanic rock 1 304 1.33 32
Studded Mafi c volcanic rock 2 1032 2.33 56
Studded Mafi c volcanic rock 4 2065 4.06 98
Studded Glaciofl uvial crushed stones 1 259 1.37 33
Studded Glaciofl uvial crushed stones 2 884 3.31 80
Studded Glaciofl uvial crushed stones 4 1768 7.16 172
Studded Glaciofl uvial sieved sand 1 292 1.58 38
Studded Glaciofl uvial sieved sand 2 985 2.28 55
Studded Glaciofl uvial sieved sand 4 1970 4.53 109
Tests with traction sand aggregate grain size 1-5.6 mm
Studded Glaciofl uvial crushed stones 1 294 1.77 43
Studded Glaciofl uvial crushed stones 2 928 4.96 119
Studded Glaciofl uvial crushed stones 4 1857 11.2 269
a) PM10 = high volume sampler
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Annex 2. Cascade impactor data.
Impactor stage 12 11 10 9 8 7 6 5 4 3 2 1
50% cut-off of the 
impactor stage 
(geometric diameter) 
μm 10.70 5.85 3.31 2.11 1.33 0.92 0.69 0.45 0.28 0.19 0.11 0.06
Friction, no sand, 
15 km h-1
dm/dlogDp 0.80 0.40 0.35 0.11 0.05 0.10 0.08 0.04 0.05 0.01 0.01 0.02
mg/m3 0.12 0.12 0.06 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00
Studded, no sand, 
15 km h-1
dm/dlogDp 0.89 0.78 0.53 0.21 0.12 0.15 0.04 0.04 0.04 0.03 0.03 0.01
mg/m3 0.14 0.25 0.10 0.04 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.00
Friction, 2 dm3 
Granite1, 15 km h-1
dm/dlogDp 1.81 4.02 2.53 0.96 0.54 0.37 0.25 0.07 0.07 0.03 0.04 0.00
mg/m3 0.28 1.26 0.46 0.20 0.10 0.05 0.03 0.02 0.01 0.00 0.01 0.00
Studded, 2 dm3 
Granite1, 15 km h-1
dm/dlogDp 3.26 3.67 3.16 1.05 0.49 0.35 0.31 0.08 0.05 0.02 0.02 0.01
mg/m3 0.51 1.15 0.58 0.22 0.09 0.04 0.04 0.02 0.01 0.00 0.00 0.00
Friction, no sand, 
30 km h-1
dm/dlogDp 0.69 0.78 0.58 0.27 0.12 0.10 0.06 0.02 0.02 0.01 0.01 0.00
mg/m3 0.11 0.25 0.11 0.06 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Studded, no sand, 
30 km h-1
dm/dlogDp 4.53 3.32 2.62 0.94 0.35 0.16 0.12 0.02 0.03 0.01 0.00 0.00
mg/m3 0.70 1.04 0.48 0.20 0.07 0.02 0.02 0.01 0.01 0.00 0.00 0.00
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Annex 3. Modal composition of the aggregates.
Aggregates Plagioclase
%
K-feldspar
%
Biotite
%
Quartz
%
Hornblende
%
Group 1 a) 
%
Other 
%
Mafi c volcanic rock (Pavement 1) 29 53 14 3
Granite 1 32 30 6 30 1
Granite 2 (Pavement 2) 39 26 2 28 2 2
Diabase 57 4 35 4
a) Group 1: Clinopyroxene, Chlorite, Kummingtonite-grunerite, Olivine
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Annex 4. Mineralogical composition of the PM10 samples used in the CMB calculations.
Tire Traction sand Amount 
dispersed
Plagio-
clase
K-
feldspar
Biotite Quartz Horn-
blende
Group 
1 a)
Other
dm3 g m-2 % % % % % % %
Pavement 1, tests with friction tires (non studded), traction sand aggregate grain size 2-5.6 mm
Friction - 0 0 36 5 1 2 39 9 9
Friction Granite 1 2 880 36 8 1 8 24 13 10
Friction Granite 2 2 933 36 13 7 37 3 5
Friction Diabase 2 1046 34 6 1 3 39 11 6
Pavement 1, tests with studded tires, traction sand aggregate grain size 2-5.6 mm
Studded - 0 0 31 1 5 48 9 6
Studded Granite 1 2 880 31 15 9 27 8 10
Studded Granite 1 4 1760 33 27 1 14 13 6 6
Studded Granite 2 2 933 39 15 11 24 5 6
Studded Granite 2 4 1866 44 15 9 20 5 6
Studded Diabase 4 2112 41 4 2 3 28 14 9
Pavement 1, tests with traction sand aggregate grain size 1-5.6 mm
Friction Granite 1 2 865 32 16 1 9 28 6 8
Studded Granite 1 2 865 33 27 2 9 15 7 6
Pavement 1, tests at 30 km h-1
Friction - 0 0 35 3 4 33 15 10
Studded - 0 0 36 1 1 1 40 15 5
Studded Granite 1 2 880 33 10 1 5 37 10 3
Pavement 2, tests with friction tires (non studded), traction sand aggregate grain size 2-5.6 mm
Friction - 0 0 47 30 1 14 1 3 3
Friction Diabase 1 301 43 19 7 13 3 6 9
Friction Diabase 2 1036 40 18 4 15 3 9 12
Friction Mafi c volcanic rock 1 304 41 23 16 8 5 7
Friction Mafi c volcanic rock 2 1032 37 12 1 12 18 9 10
Pavement 2, tests with studded tires, traction sand aggregate grain size 2-5.6 mm
Studded - 0 0 39 28 3 26 1 1 1
Studded Diabase 1 301 42 20 1 25 1 3 7
Studded Diabase 2 1036 47 15 4 16 4 9 6
Studded Diabase 4 2072 48 13 3 10 4 12 9
Studded Mafi c volcanic rock 1 304 47 22 1 11 7 5 6
Studded Mafi c volcanic rock 2 1032 39 23 15 15 4 4
Studded Mafi c volcanic rock 4 2065 45 15 1 10 17 5 7
a) Group 1: Clinopyroxene, Chlorite, Kummingtonite-grunerite, Olivine
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